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ALTHOUGH it has been realized (Sachs, 1931; Cairns, 1939) that the 
pressure in the venous sinuses is probably raised in cases of intracranial 
tumour accompanied by a marked incfease in the pressure of the cerebro- 
spinal fluid, no actual measurements of the venous pressure are available. 
In an earlier series of experiments (Bedford, 1937) the intracranial pressure 
was measured in nineteen dogs in which the cerebrospinal fluid pressure 
had been raised by an artificial subtentorial tumour.” In no instance was 
the venous pressure higher than that encountered in control animals. The 
animals were generally killed six days after the introduction of the tumours; 
the maximum duration of post operative life was eight days. The raised 
cerebrospinal fluid pressure was therefore of comparatively short duration. 
Four dogs with chronic increased, cerebrospinal fluid pressure of unknown 
etiology have recently been encountered in the course of experiments 
undertaken for another purpose. In addition to the cerebrospinal fluid 
pressure, the venous pressure in the superior longitudinal sinus was 
measured in each instance and the effect on the venous pressure of varying 
that of the cerebrospinal fluid was studied in two animals. 


s 


METHODs. 


The four animals ranged from dbout 2 to 6 years in age. They appeared to 
be in excellent health and the discovery of the condition of increased cerebrospinal 
fluid pressure was entirely unexpected. The pressure of the cerebrospinal fluid 
was recorded with a needle in the cisterna magna and variations in pressure were 
effected and maintained in the manner already described in an earlier publication 
(Bedford, 1938). The venous pressure in the superior longitudinal sinus was 
measured by introducing a needle | mm. in diameter into the posterior part of 
the sinus and directing it backwards. The sinus was exposed in the following way. 
A % inch trephine cut was made through the outer table of the bone over the 
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posterior part of the sinus and continued down to stop short of the inner table. 
The disc of bone contained in the trephine could usually be broken off leaving 
the sinus covered by the inner table and a variable amount of relatively soft 
diploé. By means of sharp forceps the bone was gradually picked away until a 
portion of the sinus, large enough to admit the recording needle, was exposed. The 
sinus could generally be recognized by its dark colour. It was hoped by employing 
this technique to avoid any fallacies which may result from the making of a 
relatively large opening in the cranium. The venous pressure recorded in this 
manner has previously been regarded as the torcular venous pressure (Bedford, 
1937). Recent investigations, however, have shown that owing to the marked 
curvature of the sinus in this region, it is exceptional for the needle to enter the 
torcular and the pressure recorded is that in the posterior end of the superior 
lgngitudinal sinus. The blood-pressure was recorded in the femoral artery: Intra- 
tracheal ether was the anzsthetic throughout the experiments. On completing an 
experiment, the animal was killed and the body allowed to cool. The cranium 
was opened and a careful examination made with .a hand lens of the fresh brain 
and its coverings for evidence of past or present disease; particular attention was, 
paid to the venous sinuses which were examined throughout their course. The 
brain was then placed in formol saline solution and ‘examined for a second time 
after fixation. No histological examination was made. 


RESULTs. 
The cerebrospinal fluid pressure, the venous pressure in the superior 
longitudinal sinus and the systolic pressure in the femoral artery in the 
four animals together with the average of the pressures in a series of 


fourteen control animals are indicated ‘in Table I. It will be observed 


Tasxe L. 


Venous pressure in 
Cerebrospinal superior jtudinal Systolic pressure in 
fluid pressure sinus fem artery 
250 145, 125 
270 140 140 
r . 310 140 120 
4 230 130 110 


Control 118 64 112 


The intracranial pressures in four dogs with increased cerebrospinal fluid pressure 
of unknown etiology. The cerebrospinal fluid pressure and the venous pressure in 
the superior longitudinal sinus are recorded in millimetres of normal saline solution; 
the pressure in the femoral artefy in millimetres of metcury. 

The control consists of the average of the pressures.in 14 normal dogs. 


that the raised cerebrospinal fluid pressure is accompanied by a rise in 
venous pressure in each instance. It was thought at first that the raised 
pressure of the cerebrospinal fluid had been caused by an accidental 
obstruction of the veins of the neck from faulty experimental technique. 
This, however, was rendered improbable by the findings that the cerebro- 
spinal fluid pressure did not tend to fall as the experiment was continued 


. 
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(Bedford, 1935) and that a fall in pressuré did not occur when the head and 
neck were held free of the supporting block: A slight rise in venous 
pressure occurred when the cerebrospinal fluid pressure was lowered, while 
a slight fall was observed when ‘the cerebrospinal fluid pressure was' raised 
above its original Jevel (Fig. 1). Changes in the venous pressure were most 


Fic. 1.—The effect of variations in cerebrospinal fluid pressure on the venous 
pressure in the superior longitudinal sinus. The arrow indicates the point at which 


the cerebrospinal fluid pressure was artificially varied. Cerebrospinal fluid 
pressure. —-o—o— Venous pressure in superior longitudinal sinus. ——~— — Femoral 
systolic blgod-pressure. 

marked when the variations in cerebrospinal fluid pressure were effected 
rapidly. The new venous pressure levels generally persisted as long as 
‘the cerebrospinal fluid pressure was maintained at the same level. Similar 
findings were obtained in the two animals thus investigated. 
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Examination of the brains and their coverings after death ‘failed to 
reveal any cause for the raised pressure of the cerebrospinal fluid. Early 
arteriosclerotic changes were present in one brain but this. is a fairly 
common finding even in relatively young dogs with normal cerebrospinal 
fluid pressure. A moderate degree of hydrocephalus, communicating in 
type, was present in each brain. The venous sinuses showed no evidence 
of disease, and they were free from clot. _No evidence of local obstruction 
could. be detected at any point on their course. Although no histological 
examination of the brains was made in this series of experiments, an 
examination of brains from other dogs in which chronic hydrocephalus 
was discovered unexpectedly, has always failed to reveal any cause for 
the hydrocephalus. 


Discussion. 


It would appear from the above observations that the pressure in the 
superior longitudinal sinus is moderately raised in dogs with chronic 
increased cerebrospinal fluid pressure. Although it was possible to investi- 
gate only four animals with raised cerebrospinal fluid pressure, it is signifi- 
cant that the venous pressure was raised in each instance. It is proposed 
to discuss the possible causes for this rise in venous pressure. 


A rise in the venous pressure in the superior longitudinal sinus could 
be brought about in two possible ways: (1) By an increase in the amount 
of blood entering the sinus; (2) by an obstruction to the outflow of blood 
from the sinus. 

(1) The aétion of carbon dioxide in dilating the blood-vessels of the 
brain has been studied by Forbes, Wolff and Cobb (1929), Wolff and 
Lennox (1930), Schmidt and Pierson (1934), Putnam and Ask-Upmark 
(1934) and others. Bedford (1939) has shown that the dilatation probably 
persists as long as the raised carbon dioxide tension is maintained. A 
rise in intracranial pressure by, obstructing the cerebral circulation at the 
site of lowest pressure, will bring about a local increase in carbon dioxide 
tension. This will cause an immediate dilatation of the cerebral vessels 
which will raise the pressure in the partly collapsed vessels to a level 
sufficient to overcome the obstruction. The efficiency of this mechanism 
is strikingly demonstrated by the experiments of Becht (1920) and of 
Weed and Flexner (1933) when it was found that the pressure of the blood 
in the superior longitudinal sinus was entirely uninfluenced by variations 
in the pressure of the cerebrospinal fluid. Wright (1938) found that he 
could bring about.a profound fall in the pressure in the sinus by raising 
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the subarachnoid pressure; the fall in pressure was sometimes preceded 
by a small temporary rise. He used, however, very high subarachnoid 
pressures and it is doubtful whether his experiments can be regarded as 
physiological. In his study by direct observation of the effect of raising 
the subarachnoid pressure on: the cerebral blood-vessels, he neticed a 
narrowing of the veins near the sinuses and a darkening in the colour of 
the blood in their interior; these changes became evident at relatively 
low pressure levels. Wright also measured the rate of blood flow from 
a cannula in the superior, longitudinal sinus in hirudized animals while 
he varied the subarachnoid pressure. The blood flow ran approximately 
parallel to the pressure and a decrease in flow was discernible when the 
pressure was first raised with gradual reduction until complete cessation 
occurred with the intracranial pressure above the systolic blood-pressure. 
It would seem improbable, after a consideration of the .experimental 
evidence, that the quantity of blood entering the sinuses is increased when 
the subarachnoid pressure is raised. 


(2) Wright (1938) has shown in an interesting series of experiments 
that no matter how high the subarachnoid pressure be raised the superior 


longitudinal sinus remains patent and presents no diminution of calibre 


as long as the cranium remains intact. It is important, however, to re- 
member that the duration of the longest of Wright’s experiments ‘was 
no more than a few hours; very different effects may be anticipated in 
cases of chronic increased intracranial pressure where the duration of the 
condition can frequently be expressed in terms of months or even of years. 
‘The remarkable effects of prolonged increased intracranial pressure on 
the bones of the cranium are well known; one need only instance the 
general erosion or “ convolutional thinning ” of the bones, and the absorp- 
tion of the posterior clinoid processes and enlargement of the sella turcica 
which sometimes accompanies the hydrocephalus of cerebellar tumours. 
It would indeed be surprising if the venous sinuses were able to escape 
some degree of involvement. Courtice (1940) has measured the degree 
of oxygen saturation of the blood in the jugular bulb in cases of cerebral 
tumour in the human subject. It was found to be considerably lower in 
cases of tumour of the cerebellum, mid-brain and basal ganglion than in 
frontal and parietal tumours where the oxygen saturation was normal. 
The average pressure of the cerebrospinal fluid as determined in the 
ventricles was only slightly higher in the former than in the latter group 
of cases. Courtice concludes that the decrease in oxygen saturation was 
caused by a slowing of the blood flow through the brain, brought about 
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by a local obstruction by the tumour of the large venous channels as they 
converge at the base of the brain. He considers that the position of the 
tumour rather than the actual intracranial pressure may within limits 
account gor the change in the degree of oxygen saturation. It is doubtful 
whether. this conclusion is- justified by the evidence presented. It is indeed — 
questionable whether his two groups of cases are strictly comparable. 
Although the intraventricular pressure was approximately the same, it 
should be remembered that raised cerebrospinal fluid pressure and hydro- 
cephalus occur early in the course of tumours of the cerebellum and the 
basal ganglion while they are usually late events in tumours of the frontal 
and parietal regions. Courtice admits that the ventricles were on the whole 
considerably increased in size in the first group while in the second group 
their capacity was normal. It is difficult, therefore, to escape the conclusion 
that some relationship may have existed between the size of the lateral 
ventricles and the degree of oxygen saturation of the venous blood. It 
‘is also important to be certain that the cases with frontal and parietal 
tumours were not selected during a high pressure phase and those with 
basal ganglion and cerebellar tumours during a low pressure phase in order 
to obtain similar ventricular pressure readings in each group. 


Cairns (1939) considers there is a good deal of evidence that the venous 
pressure is raised in chronic increased intracranial pressure and he instances 
the severe bleeding from the veins which is frequently encountered in 
operations for the removal of cerebellar tumours. It is significant that 
this bleeding can be controlled by lowering the pressure of the cerebro- 
spinal fluid by puncture of a lateral ventricle; this procedure is so effective 
that it has become a routine method in the early stages of cranial opera- 
tions (Sachs, 1931). Although no actual measurements are available, it 
is obvious ‘that a relationship must have existed between the intraventri- 
cular pressure of the cerebrospiral fluid and the pressure of the blood in 
the veins. 

Courtice (1940) has attempted to substantiate his conclusions based 
on observations on cases of cerebral tumour in the human subject by two 
series of experiments. In the first series, which were performed on cats, 
he introduced artificial extradural tumours. The tumours were placed 
in the cerebellar region in one group. of animals ‘and in the frontal region 
in the other group. The size of the artificial tumour was the same in 
each instance. The animals were allowed to recover and when they came 
to be examined three to six weeks later, those with a tumour in the frontal 
region presented 4 normal degree of oxygen saturation of the blaod in the 
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torcular while those with a cerebellar tumour showed a marked reduction. 
We are told that practically all the cats with a cerebellar tumour showed 
definite hydrocephalus whereas those with a frontal tumour showed no 
change from normal. Unfortunately the cerebrospinal fluid pressure does 
not appear to have been recorded in a single experiment. In a series 
of unpublished experiments by Bedford in which artificial tumours were 
introduced into the brains of dogs, it was found that the size of a frontal 
tumour had to be several times that of a cerebellar tumour in order to 
bring about an equivalent rise in cerebrospinal fluid pressure. It is prob- 
able therefore that the cerebrospinal fluid pressure levels were entirely 
different in*Courtice’s two groups of animals and the only conclusions 
justified by the experiments would appear to be that diminished oxygen . 
saturation of the venous blood is usually associated with hydrocephalus. 


Courtice (1940) has expressed surprise that the venous pressure in the 
superior longitudinal sinus was not raised in any of Bedford’s (1937) experi- 
ments on dogs in which artificial tumours were introduced in the sub- 
tentorial region. The lateral sinuses of the dog normally lie in a bony 
canal, from their origin at the torcular to their termination at the post- 
glenoid foramen. It is difficult, therefore, to understand how a rise in 
venous pressure could be anticipated on the basis of a theory of local 
obstruction of the venous channels by the tumour. 


In his second series of experiments Courtice (1940) studied the effect 
of sudden rises in the intracranial pressure on the degree of oxygen satura- 
tion of the blood in the jugular bulb in patients with cranial defects follow- 
ing operations for the removal of tumours. He was able to raise the intra- 
ventricular pressure and to maintain it at 600 to 700 mm. cerebrospinal 
fluid by exerting pressure over a cerebellar decompression. A fall in the 
percentage oxygen saturation of the blood was observed in three out of 
six cases with a cerebellar decompression while five cases with a sub- 
temporal decompression or with a bony defect in the parietal region showed 
on the whole no change in cerebral blood flow when pressure was exerted. 
Courtice admits that the rise in intraventricular pressure was not measured 
in all his cases with a subtemporal decompression. In those cases where 
it was measured, the pressure could, however, be raised to 600 mm. cerebro- 
spinal fluid by pressing on the decompression. It is questionable whether 
effects obtained by pressing over a cerebellar decompression can be tom- 
pared with those produced by an intracranial tumour in the intact cranium. 
In the operation for cerebellar decompression a large part of the occipital 
bone is removed and the lateral sinuses are frequently exposed (Frazier. 
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1905; Cushing, 1908). It is impossible, therefore, to guarantee that in 
some instances, traction was not exerted on their walls when pressure was 
applied over the decompression. 

Wright (1938) in his discussion of the hydrodynamics of the intra- 
cranial circulation points out that “the most outstanding physical con- . 
sideration of circulation through a system of collapsible tubes, subjected 
to an external pressure below the maximum pressure in the- system, is 
that circulation is maintained with little if any diminution in calibre of 
vessels, except just at the point of outflow.” It is evident, therefore, that 
increased subarachnoid pressure is most likely to cause an obstruction of 
the cerebral circulation at the point where the veins join the sinuses. 
‘ Attention has already been drawn to the experiments of Becht (1920) and 
of Weed and Flaxner (1933) which provide strong evidence for the existence 
of a highly’ efficient mechanism by which obstruction is prevented. 
Wright’s (1938) experiments, to which reference has also been made, sug- 
gest, however, that this mechanism is by no means as efficient as would 
appear from thé experiments of the above workers. In two of the dogs 
with raised intracranial pressure a further increase in subarachnoid 
pressure caused a slight fall while a reduction in pressure was followed 
by a slight rise in venous pressure. It would seem improbable that these 
variations in venous pressure were caused by pressure effects on the 
superior longitudinal sinus and it is doubtful whether the ether adminis- 
tered as anesthetic was responsible, for Weed and Flexner used ether 
throughout their experiments. It is suggested that the variations in venous 
pressure were probably. due to an inability of the compensating mechanism 
to overcome the partial collapse of the cerebral veins caused by increased 
subarachnoid pressure. Although no actual measurements were made in 
these experiments, it would seem reasonable to anticipate a reduction 
in the degree of oxygen saturation of the venous blood while the subarach- 
noid pressure was set at a high level. ; 

Although the intracranial sinuses appear to be uninfluenced by sudden 
changes in cerebrospinal fluid pressure, they probably react very differently 
to a state of chronic increased cerebrospinal fluid pressure when they may 
be regarded as functioning as structures capable of a variable degree of 
collapse. This tendency to collapse will be most marked where the blood 
in their interior leaves the intracranial cavity; in the human subject this 
is at the jugular foramen while in the dog it is mainly where the mem- 
branous superior longitudinal sinus terminates in the bony torcular. 

To conclude, it is suggested that the raised venous pressure in the 
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superior longitudinal sinus in the four animals under consideration was 
caused by a moderate degree of constriction of the sinus at the. point where 
it terminates in the torcular; the constriction was probably a direct 
consequence of the chronic increased cerebrospinal fluid pressure. 


SUMMARY. 

(1) The pressure of the blood in the superior longitudinal sinus has 
been measured in four dogs with chronic increased cerebrospinal fluid 
pressure and hydrocephalus of unknown eticlogy. The effect of varying 
the cerebrospinal fluid pressure on the venous pressure in the sinus was 
studied in two of the dogs. 

(2) The venous pressure was found to be modetately raised in each 
animal. When the cerebrospinal fluid pressure was artificially raised to 
a still higher level a slight fall was observed in the venous pressure, while 
a reduction in cerebrospinal fluid pressure was accompanied by a slight 
rise in the venous pressure in the sinus. 

(3) The possible origin of the raised venous pressure is discussed and 
it is concluded that it was probably caused by a moderate degree of collapse 
of the superior longitudinal sinus at the point where the sinus enters the 
bone at the torcular; the collapse was a direct consequence of the raised 
intracranial pressure. 

(4) The changes in venous pressure observed on varying that of the 
cerebrospinal fluid were probably the result of a failure of the normal com- 
pensating mechanism to overcome the partial collapse of the cerebral veins, 
produced by the raised intracranial pressure at their point of junction with 
the sinus. 
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THE EFFECTS OF STRIATAL INJURY’ 
BY FRED A. METTLER? AND CECILIA C. METTLER 
‘Department of Anatomy, University of Georgia School of Medicine). 


Tue results obtained upon stimulation of various portions of the 
striatum* have been reported in previous communications (Mettler, Ades, 
Culler and Lipman, 1939; Mettler, Ades, Lipman and Culler, 1939a, b; 
Mettler and Mettler, 19406; 1941). In the present article we shall be 
concerned with the effects of striatal injury. At an early period in this 
research we were forced to agree with those previous investigators who 
have reported negative results following the production of single, small, 
unilateral lesions restricted to the striatum. Thus, out of eleven rhesus 
monkeys in which lesions of a diameter of 3 mm. were made with the aid 
of the Horsley-Clarke instrument only three showed any evidence of neural 
dysfunction. In each of these three cases extraneous structures had been 
infringed upon. When bilateral lesions were produced the results were 
somewhat more encouraging. Out of a larger number of animals (cats) 
we were successful in obtaining ten cases in which almost comparable 
lesions were produced in the heads of both caudate nuclei. No extraneous 
structures were involved. All of these animals showed some hypertonia 
(Liddell and Phillips, 1940) and all but two exhibited a definite amount 
of hyperkinesia. In other respects the results obtained were not entirely 
consistent. Several of the animals used one or another extremity in stiff, 
stick-like fashion. Four had generalized, unilateral, fibrillary tremors, one 
of these moreover suffered from a dystonic, unilateral head-jerk. It is 
difficult to determine how these inconstant findings should be evaluated. 
Hyperkinesia has long been recognized as a sequel to injury of the front 
of the brain and writers of the last century had no hesitation in attributing 
it to damage of the corpus striatum. In more recent times it has become 
recognized that frontal cortical injury alone can produce an increase in 
activity. An evaluation of the relative importance of the cortex and 
striatum in the production of hyperkinesia was reported by Richter and 
Hines (1938) in this Journal. 


? Financial assistance from the John and Mary R. Markle Foundation is gratefully 
acknowledged. 

? Now located at the College of Physicians and Surgeons, Columbia University. 

3 By the word striatum we refer to the caudate nucleus plus the putamen. 





‘THE EFFECTS OF STRIATAL INJURY 243 


‘ 


In spite of the large amount of work which has been done upon cortical 
removals there still exists considerable confusion concerning the results 
which are obtained. The differences between the motor patterns of 
animals lacking all frontal cortex alone and those from which. all cortex 
has been removed are disappointing (Bard, 1933; Bard and Rioch, 1937). 
In both cases the animals are relatively inactive, show a strong tendency 
to assume abnormal postures (fail to correct awkward limb positions) and 
display an impairment of hopping and placing. Such differences as do 
exist (greater inactivity in the total decorticate animal, with lowering of 
the head and a greater tendency to fall into postural difficulties, Mettler, 
Mettler and Culler, 1935)'appear to be due largely to the cortical blindness, 
cortical deafness and an increased degree of somzesthetic dysfunction which 
the total decorticate displays. On the other hand there is, considerable 
variety between individual animals from which varying parts of the frontal 
cortex only have been removed. ‘These animals may show hyperkinesia, 
extensor hypertonia or both. Our own experience agrees with that of 
writers who state that the former succeeds removal of the most rostral tip 
of the frontal cortex while the latter follows removal of the anterior and 
posterior sigmoid gyri. Both of these phenomena are less marked after 
the second post operative week, though we have seen them as long as six 
months after operation and Bard and Rioch (1937) have reported the 
persistence of extensor hyptertonia originating in a cortical defect or 
“ decorticate rigidity,” as they aptly called it, twenty-eight months after 
operation. 


One of the peculiarities of the literature dealing with hyperkinesia 
following frontal operations is that the word is used by various authors 
for very different objective conditions. Sometimes a very modest increase 
in spontaneous activity is denoted, on the other hand a decidedly frantic 
condition may be meant. In an effort to arrive at some insight into this 
matter we have analysed the records of fifty animals subjected to various 
types of simultaneous, bilateral, frontal operations. Some of these were 
restricted to the cortex, others involved the striatum, but in no case was 
there involvement of structures caudal or ventral to the head of the caudate 
nucleus. These animals lived for varying periods of from four days to 
six months and from an examination of their records it is possible to say 
that deficient hopping and placing reactions, oversteppage and extensor 
hypertonia may all exist together in the same animal and in conjunction 
with either.an increase or decrease in spontaneous activity. Such pheno- 
mena are encountered in animals in which the striatum has not been 
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injured, but when this structure is encroached upon hyperkinesia is the 
rule. Further, the number of cases displaying an extreme degree of 
extensor hypertonia is greatest after striatal injury. Oversteppage is 
commonly seen in all types of frontal operations. A decrease in spon- 
taneous activity is more frequently seen upon ablation of the anterior and 
posterior sigmoid gyrus alone than when cortex anterior to this is included 
and is not seen at all when only so-called “ premotor ” cortex is removed. 


A careful, bilateral, frontal decortication is not a formidable procedure, 
in so far as cafnivores are concerned. The type of hyperkinesia resulting 
is rather mild and may require the use of some special form of apparatus 
for its detection. If, on the other hand, both caudates are simultaneously 
infringed upon it is very difficult to keep the animal alive for a long period. 
After uncomplicated frontal decortication, cats present a fairly bright 
appearance, wander about somewhat more than usual and display con- 
siderable somesthetic deficit but are in good contact with their environ- 
ment. If, however, bilateral striatal injury is present the case is quite 
otherwise and the general picture goes far beyond simple hyperkinesia. 
Such animals display a characteristic resistance to impressed movement; 
moreover, they struggle violently against any obstacle which bars the 
forced progression which they usually display. The whole impression 
created is one of peculiar perversity, and it is possible to-speak of them 
as displaying a definite “ negativism ” even though this word is not wholly 
satisfactory. Thus, although extensive bilateral striatal injury results in 
a state in which the animal is clearly out of contact with the wider and 
subtler aspects of its surroundings, and regards its environs with wide and 
vacuous eyes, such an animal is actually abnormally susceptible to some 
forms of stimulation. Moreover, its reactions are more nearly uniform 
and predictable than are those of normal animals, once one is familiar” 
with the nature of the alteration in the behaviour pattern. While recover- 
ing from the anesthetic an animal with bilateral, frontal decortication 
and striatal damage usually displays intermittent running movements. 
More rarely these movements are incessant. Once the animal is fully 
recovered from the anzsthetic it struggles to its feet and displays forced, 
cursive hyperkinesia. Its incessant propulsive efforts inevitably bring it into 
opposition with static obstacles against which it struggles blindly: Coming 
into contact with the corner of the cage it will violently attempt to push 
through this. If it does not, fall outward and away from the obstructing 
angle is may crawl up into this and engage in what we have termed the 
“leaping phenomenon.” This reaction is best seen when the animal is 
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held with the spinal column vertical and the hind legs upon the floor. It 
then leaps straight into the air. A slight downward push on the shoulder 
girdle increases this reaction. The position of the head exerts no influence 
upon the general pattern. The primary, propulsive movements which 
these animals display takes precederice over all, protective’ reflex reactions, . 
and they are best kept in smooth, circular pens or they may be hung in 
a hammock, or kept under bromide. 


Another phenomenon which is frequently seen after frontal operation 
is oversteppage. This leads to a gait like that seen in high trotters or circus 
horses. The legs are lifted much higher than need be and the animal 
appears to be trying to walk up an imaginary incline. Although it often 
follows frontal (usually rostral tip) operation this phenomenon may also 
be produced in other ways, the simplest being to disconnect the nuchal 
muscles from the occiput. As a result of the compensating postural changes 
which are directed toward returning the semicircular canals to their proper 
position a very obvious prancing gait is produced. Other motor deficits 
which are seen include the inability to turn promptly and smoothly. Dogs 
are best employed in demonstrating this latter type of oversteppage. 


From a review of this material we were led to suppose that a gteater 
defect in motor function is produced by ablation of the frontal cortex 
together with injury to the corpus striatum than by removal of cortex 
alone. With the purpose then of inquiring more specifically into this 
matter, ten animals were subjected.to removal of the posterior and anterior 
sigmoid gyri, the adjacent part of the coronal, the superior and inferior 
frontal and cingular’ gyri. Three weeks were allowed to elapse and the 
caudate nuclei were then ablated bilaterally. Although we were familiar 
with the peculiarly lethal character of the simultaneous bilateral opera- 
tion it was hoped that these animals might be kept long enough after the 
second operation to be used for chronic studies. All died on the third, 
fourth or fifth day. Death in most cases was probably due to pneumonia 
with malnutrition as a contributory cause, though there was some evidence 
of the latent hemorrhagic tendency noted in the literature. Two developed 
hernia cerebri. The first three that died showed that the ventricular system 
had been opened in the operation and this might have brought about the 
animal’s death, but later when care was taken not to break into the 
ventricle no substantial difference was observed in the course of events and 
the animals fared no better. Still, all of these animals lived long enough 
for us to determine that their behaviour was substantially alike. The 
record of a particular case may therefore be employed as typical. 
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(C. F. 17).—On 16.7.40 the frontal cortex was removed on both sides. One day 
after operation the animal could stand and take a few steps. No placing reactions 
were elicitable on this (nor any subsequent) occasion. On this day, if the cat were 
held upside down, there was a tendency for all four feet, and particularly. the front 
pair, to go into stiff extension. This was ‘sheeme on the second and all succeeding 
days. 

On the second post- operative day the animal was able to walk, but it seemed 
to have a tendency to pose for long periods, often in an abnormal posture, and to 
move only in response to visual or auditory stimuli, to the last of which it was 
unusually responsive. These conditions were met with in all the animals. The 
posing tendency gradually disappears, persisting for different periods in different 
animals, and is succeeded by a marked tendency to follow a moving object. On 
the second day a certain amount of oversteppage was present. There was very 
slight evidence of extensor hypertonia, nor did any of these cats leap into the air 
when held vertically. 

On 8.6.40 the dura was reincised, the brain investigated, the heads of the caudate 
nuclei sucked out and the dura resutured. Eight hours later though the animal 
was still comatose, there was very evident extensor hypertonia. As soon as the 
animal had recovered from the anzsthetic it went into incessant movement. It 
walked until it met an obstacle, against which it pushed furiously. If this was a 
corner the animal crawled up it, clinging té all protuberances. It was not strong 
enough to get more than a few feet off the floor before, its hold slowly weakening, 
it fell away, making no attempt to adjust its position in space. This apparent partial 
failure of labyrinthine reflexes is noticeable in all such animals (Mettler and Mettler, 
1940c). It may in part be due to a somesthetic deficit incident upon, but masked 
by, the hypokinesia of the first operation. Conjugate eye movements are generally 
also impaired. Upon being held in a vertical posture, with the hind feet on the 
floor, violent leaping movements resulted. Similar movements also occurred when 
the hind légs did not touch the floor, but there was no relation between these 
movements and the position of the head. 

If the animal were lifted horizontally off the floor so that the feet did not touch 
it, the walking and propulsive moyements ceased. If, .while the animal was 
suspended in this way, a plane surface was brought in contact with the foot-pads 
of one of the legs, locomotor movements started immediately. It was not necessary 
to push upon the leg as in eyoking a magnet reaction, light contact was sufficient. 

When held upside down, in the horizontal position, there was no extensor hyper- 
tonia, if care was taken to prevent the head from falling very far back (which 
stretches the foreleg muscles and produced a pseudo-extension). The legs were 
flaccid in such a position. They were also quiet unless the anifnal’s feet were 
brought in contact with the underside of a plane surface when the locomoter pattern 
was again called into play. There was no true extensor-thrust in such a position 
because of the introduction of phasic elements into what is ordinarily thought of 
as a tonic pattern. 

In place of the responsive, alert appearance which prevailed after frontal cortical 
ablation alone the animal now exhibited a vacuous inattention to visual and 
auditory stimuli. 

On the second post-operative day the animal appeared exhausted. An initial 
dehydration had been allowed, to prevent increased intracranial pressure, but now 
fluid was given by tube. 

On the third day the animal was still too weak to move about much, but, when 
it did, it still showed all the above signs. On the fourth day the animal died. 
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Upon necropsy, some bronchopneumonia and venous congestion of the extremities 
were found. 

The fact that none of these animals long survived simultaneous, bilateral 
ablation of both caudate nuclei’ should not be considered as necessarily 
favouring an attempt to explain both hyperkinesia and “ negativism ” 
upon the basis of “irritation” (see Morgan, 1927). Certainly, resistance 
to impressed movements, the tendency to jump into the air when held 
vertically and the phenomenon of propulsion are not susceptible of such 
a generalization since we have observed them as long as six months after 
total removal of both caudate nuclei in animals in which the two sides 
were operated upon at different times. In such animals nearly incessant 
hyperkinesia persists for a little less than two weeks. Muskeng (1904) in 
his early work on forced movements was, in fact, disturbed by the dis-. 
appearance of such phenomena and blindfolded his cats .to offset the visual 
correction they developed. 

_ In the chronic animal after the sticcessive removal of the heads of both 
caudate nuclei (but not simultaneously) the animal gradually regresses 
to a state of habitual hypokinesia but always remains potentially hyper- 
kinetic (Mettler, Mettler and Culler, 1935), especially during feeding. 
Still it is not necessary to rely upon this potential hyperkinesia, which is 
very easily activated in the chronic animal, to indicate that “ irritation ” 
is not the factor underlying the initial phenomenon since this does not 
appear after cortical removal alone but only in cases in which there is 
some evidence that the caudate nucleus has been involved or its blood 
supply infringed upon. Moreover, the animal can be quieted by putting 
it in a hammock. The question of “irritation” in any case is not a 
matter of importance in this particular group of experiments, which were 
directed solely toward determining whether a certain set of phenomena are 
the result of cortical or caudate injury. We may-conclude that total frontal 
decortication (avoiding the rhinencephalon) does not produce any degree 
of impulsion (propulsion) nor leaping, neither does it result in the im- 
mediate and extreme degree of motor release which caudate injury 
produces. What it does produce is an initial state of hypokinesia. Since 
phenomena similar to those described above can be obtained by deeper 
lesions the question may be raised as to whethér they may not have been 
due to the injury of structures more deeply placed than the caudate. A 
most effective answer to this question may be given from several animals 
intended for inclusion with the above grqup' but which were discarded 
after the first operation because of technical inaccuracies. These all showed 
some of the above findings following what was suppposedlly merely cortical - — 
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removal., They were consequently dispatched and the brains examined. 
In all but two cases there was some degree of direct damage to the caudate 
nucleus.. Although this nucleus itself was not invaded in- these two 
animals, some gross hemorrhage had occurred into it. Brief .notes con- 
cerning one animal (a dog) which suffered from slight infringement upon 
the. dorsolateral aspect of the heads of both nuclei as well as infractions 
upon the subcallosal fasciculus are given herewith. 


About nine hours after operation, when the effect of the anxsthetic was wearing 
off, the animal was found lying on its side breathing heavily with the extremities 
moving rapidly in the locomotor pattern. This “running” phenomenon, which we 
have seen in several hundred operations and formerly considered an inevitable 
accompaniment of frontal decortication we now have learned to associate with . 
caudate damage. It does not occur_in carefully performed ablations restricted to 
the cortex and not cutting off the arteries which reached the caudate nucleus through 
the internal capsule and pyriform cortex. Nothnagel’s nodus cursorius will be 
recalled. The running motions were most marked in the front legs, the hind legs 
being predominantly in a position of extensor rigidity with only occasional locomotor 
movements breaking through the hypertonia. When the animal was placed upon its 
back, the locomotor pattern was accentuated. When a purchase was obtained with the 
paws against any object there was a strong extensor thrust, most frequently bilateral, 
which continued until the body was pushed away from the object. This picture 
obtained throughout the first day with the animal unable to stand. On the second 
day, it was able to walk and continued in constant propulsion, but avoided obstacles. 
Placed in a long daboratory in which there were numerous stools and benches, it 
ran about, among and between these, without hitting any and meanwhile exhibiting 
marked oversteppage in all four extremities. It was noticed that the animal followed 
visual lines such as walls and passages between rows of stools. On several occasions 
it followed a wall and got behind radiators or into the angles of doors. When this 
happened it made no attempt to turn nor back out but pushed blindly forward 
and had to be extricated. In following walls and other visual lines it tended to run 
along these with its right side toward, but not in contact with, the wall. There. was 
a marked tendency to leap into the air when held in the vertical position. All 
these movements were conducted with full muscular energy. When held off the 
ground and when its labyrinthine reflexes were activated, the limbs were thrust out 
in various tonic positions which gradually stiffened into full extension. At the 
moment of full extension, phasic movements usually broke out and became faster 
and faster. 

On the fourth post-operative day the situation was substantially the same, but 
it was observed that the animal followed moving sounds and visual objects. Thus 
the dog would follow a worker up and down the hall, but the turns he made had 
to be obtuse enough so that they could be executed by the animal in forward fashion. 

This state of affairs continued until the animal aspirated some food on the 
seventh day. The only other pertinent findings were the absence of placing reactions 
and the tendency for the legs on the uppermost side of the animal (while lying down) 
to be kept in hypertonic extension regardless of which side the animal lay upon. 
At necropsy the situation of the caudate was as noted above, but it was observed 
that only the anterior sigmoid gyri had been completely removed. Nothing behind 
the cruciate sulcus was ablated, though doubtless some of the cortex oral to the 
anterior sigmoid was disconnected. : 
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Since this degree of release cannot be explained upon the basis of cortical 
removal alone, and the caudate itself was not extensively damaged, the 
conclusion seems inescapable that the caudate was responsible for the 
reported findings and that structures deeper than this need not be involved 
in order to get these ‘effects. This is substantially the same conclusion 
that Richter and Hines (1938) reached. ‘ 

The question may be raised as to whether these pronounced effects are 
primarily due to striatal injury or to the superposition of striatal dys- 
function upon a necessarily co-existing cortical deficit. It is possible to 
destroy almost completely the head of the caudate by making multiple 
lesions with the Horsley-Clarke electrode. Under such circumstances the 
cortex still retains a considerable degree if not all of its physiological 
value. Substantially the same result may be obtained by injecting a fixing 
reagent through a single placement of a hypodermic needle. This was the 
procedure which we adopted. A 26-gauge needle was run through the 
exposed dura without previous incision of this membrane. Through this 
0-025 c.c. of a mixture of equal parts of formalin and 95 per cent. alcohol 
. was slowly injected into the head of each caudate nucleus. As in the case 
of the bilateral removals following previous decortication, all of these 
animals died before satisfactory chronic examinations could be made. 
They developed an extreme degree of shock and even when they had to 
some extent recovered from this they displayed laryngeal collapse with 
the coughing up of frothy mucus. These phenomena were observed in 
‘animals which showed no subdural hemorrhage nor increased intracranial 
pressure and in which the lesions were apparently limited to the caudate 
with no evidence of a break in the ventricular ependyma. 


Although it was not possible to make protracted examinations upon the 
behaviour of any of the cats in this series (twentysfive animals) it was 
evident that they: belonged to the same class as those from which the 
caudate had been removed after preliminary decortication. Thus, as they 
recovered from the anzsthetic they showed, while lying on the side, 
bilateral extensor hypertonia in the hind-limbs and spontaneous walking 
movements in the fore-legs. This was then succeeded by propulsive move- 
ments in which, when the animal was placed upon its feet, its hind-legs 
prominently participated in the locomotor pattern pushing the animal 
forward and jamming its head into any obstacles in its path. If no obstacle 
was present, when a hind-leg had reached its fullest extension, it was 
brought up, by flexion, to a new position of purchase and thus. the animal 
propelled itself forward with the fore-limbs participating in a similar 
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though less effective manner in the continuous activity. If lifted off the 
ground spontaneous activity ceased and a certain amount of antigravity 


rigidity developed. 
Discussion 


We have previously advanced stimulation data (Mettler, Ades, Culler 
and Lipman, 1939; Mettler, Ades, Lipman and Culler, 1939a, 19395; 
Mettler and Mettler, 1940b; Mettler and Mettler, 1941; Mettler, 1942) 
which would-seem to indicate that the function of the striatum is of an 
inhibitory nature. Other workers (Tower, 1935; Tower, 1936; Tower and 
Hines, 1935) have demonstrated that stimulation of the cortex after pyramid 
section results in inhibition. If in such animals the function of the striatum 
is notably impaired such cortical inhibition is abolished (Mettler and 
Mettler, 1941). Fibres pass from the frontal cortex to the striatum 
(Mettler, 1935). These observations taken together suggest that the 
striatum is an inhibitory mechanism, subject to cortical control and form- 
ing a significant link in the inhibitory path from the cortex to the motor 
neurone. The cortex is, however, not the only source of fibres to the 
striatum. Others arising in the thalamus pass to it. This suggests that 
the striatum may exercise a similar inhibitory function at subcortical as 
well as that of cortical levels. We already know (Mettler and Mettler, 
1941) that spontaneous movement is inhibited by cortical stimulation. In 
the present paper we have examined the results of striatal injury especially 
in so far as these compare with the effects of cortical removal alone, and 
we have observed that the latter procedure does not produce such marked 
signs of immediate (the effect of cortical release developing slowly (Richter 
and Hines, 1938; Messimy, 1939)) or complete release as follow striatal 
injury. One is, therefore, led to believe that the path from the thalamus 
is more important in the ordinary physiology of the striatum than that 
from the cortex. 


It might be supposed that since we have reported hypokinesia following 
decortication and many other experimenters have reported hyperkinesia 
some essential disagreement exists between the results, but this is not the 
case. It seems to have been adequately demonstrated by Richter and 
Hines (1938) and by Fulton, his associates and others, that it is only when 
the more rostral portions (Areas 9-12, especially 9 in the monkey) of the 
frontal region are removed that an increase in activity occurs. If all frontal 
neocortex is rendered non-functional, care being taken to spare the caudate 
and its vascular arrangements, we know of no evidence that hyperkinesia 
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is a result. Such animals are slow in responding to stimuli and soon settle 
down into a quiescent state. It is true that the continuous hyperkinesia 
following striatal injury also gradually wears off, but an animal with both 
frontal cortex and caudate removed always differs from one lacking cortex 
alone by virtue of the fact that it remains potentially hyperkinetic and 
does not, when suitably activated, readily quiet down. We have already 
called attention to this phenomenon in several papers dealing with the 
subject of total decortication (plus caudate removal) though we formerly 
incorrectly attributed this incapacity in inhibiting excitation to removal 
of cortex alone (Mettler, 1935; Mettler, Mettler and Culler, 1935). Other 
workers, notably those of the last century, advanced the idea of “ irrita- 
tion” as an explanation for the excitation following operation upon the 
striatum. More recently, beginning with the work of Lashley (1920) and 
especially Jacobsen (1931, 1936) on the -cortex, the impression that an 
increase in general activity following cortical injury is due to release became 
firmly established. Tower (1935, 1936) and Tower and Hines (1935) then 
showed that inhibition could travel through paths other than the pyramids, 
and Richter and Hines (1938) suggested that the overactivity: which follows 
striatal damage may be due to a release of extrapyramidal mechanisms. 
Mettler, Ades, Lipman and Culler (1939a, 1939b; Mettler, Ades, Culler 
and Lipman, 1939) demonstrated that neostriatal stimulation resulted in 
a definite inhibition of movement, thus making it impossible to explain the 
hyperkinetic effects of restricted lesions upon the basis of irritation. This 
finding was verified by Freeman and Krasno (1940) who obtained graphic 
records of the inhibition of spontaneous activity and recorded a reduction 
in the tonus of smooth muscle. 


Throughout our more recent work we have been constantly attempting 
to reach an answer to the question: “ What precisely: does stimulation 
of the striatum inhibit and what does its removal release?” In its inhibi- 
tory role it is under the control of the most rostrally situated cortex. 
From the anthropond experiments which have been carried out by other 
"investigators it would also appear to restrain the specific somatotopical 
regions which, when released, give rise to many of the common patho- 
logical reflexes. More importantly, however, it appears to hold back those . 
motor patterns of a primitive type, the so-called associated movements 
which are really what we encounter in the cursiveness and resistance to 
impressed movements which animals with bilateral lesions show. If, how- 
ever, only one caudate is seriously damaged we get either a forced pesture, 
a circus movement or, if the lesion is still smaller; merely some evidence 
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rotation toward the opposite side gave no circus movement. Cocainization 
of the labyrinth of either side always accentuated the original circus 
movement and produced a curvature of the spine with the. concavity 
directed toward the side of the lesion. ; 


In this.same year Delmas-Marsalet, Bergouignan and Verger (1935) 
reported similar but more marked results attending destruction of the 
lentiform nucleus. Now what in effect these investigators from Bordeaux 
are presenting us with is a series of experiments which argues that destruc- 
tion of “ prefrontal” cortex, caudate nucleus or lentiform nucleus pro- 
duces (in that order) signs of an increasing degree of “severity and which. 
effects are, to a greater or lesser extent, the same as follow destruction 
of the labyrinth of the same side. It is a sort of high vestibular anesthesia. 
If it is asked how vestibular sensation gets to the caudate it will-be found 
that Delmas-Marsalet (1932) surmised that labyrinthine stimuli ascend 
homolaterally to the thalamus via the medial longitudinal fasciculus. 
This notion he attributed to Muskens. Lloyd P. Gray (1926) who investi- 
gated the projection from the vestibular nuclei found no fibres passing 
into the thalamus, but we observe that more recently J. Stoffels (1939) 
subscribed to an equilibriatory function for what looks like a bit of the 
lateral nucleus (said to project on Area 5 of the rabbit). . Whatever the 
paths involved may be, our own experience (Mettler and Mettler, 1940c) 
has led us to the conclusion that vestibular disregard is perceptibly greater 
after removal of the striatum and frontal cortex than after removal of the 
frontal cortex alone. Of course,.it is apparent that striatal ablation by no 
means produces a total labyrinthine anesthesia, for such animals do not 
act like those with double destruction of the labyrinth and we know that 
thalamic animals attend to vestibular stimulation. 


Just what relationship the striatum bears to the vestibular apparatus 
is difficult to determine. Certainly the entire picture of hyperkinesia 
cannot be dependent upon some abnormal form of vestibular function 
since we have already observed that an actively cursive animal will become 
quiet if placed on a horizontal support in such a way that its legs are out 
of contact with other objects. The specific stimuli which “ fire.” the loco- 
motor pattern do not therefore come from the vestibular apparatus. It 
is more difficult to absolve proprioception from an active role in this con- 
nection but, as we said above, it requires only a bare contact with a footpad 
to touch off ‘cursive activity and this occurs whether the animal be in the 
normal, horizontal position or in the exact reverse of this (upside down). 
_ The fact that it can be shown that tactile sensation plays an active role 
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does not, however, prove that proprioception is not involved and, indeed, 
if one considers how vehemently these animals resist impressed movements 
the conclusion is inescapable that proprioception is an important factor. 
That the phenomena of release are not caused by visual stimulation 
can’ be shown by blindfolding animals of this type. Under such circum- 
stances not only does the over-activity fail to diminish but it is accentuated. 
While it remains possible that the inhibition of movement produced by 
striatal stimulation may be mediated in part through vestibular 
mechanisms the phenomena of release cannot be solely activated. through 
.labyrinthirie paths but depend upon tactile arid proprioceptive stimuli. 


CONCLUSIONS. 


(1) Small, unilateral lesions of the striatum may be sustained without 
producing easily detectable signs of physiological deficit but larger, bilateral 
lesions produce definite evidences of motor release and of fatuity. 

(2) A_ specific “leaping” sign is described whereby striatal encroach- 
ment in carnivora may be distinguished from cortical injury alone. 

(3) These signs of release are not the result of irritation, even though 
they become less obvious as time goes on since (a) such animals always 
remain potentially hyperkinetic and can be activated, if this is done 
properly; (b) even when the hyperkinesia is at its height, such ‘animals 
can be quieted by reducing tactile and proprioceptive stimulation of the 
extremities; and (c) because specific stimulation of the striatum never 
produces positive motor but only inhibitory effects. 

* (4) The characteristics of motor release seen after striatal injury are 
discussed. : 
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ELECTROENCEPHALOGRAPHIC STUDIES IN EPILEPSY.' 
A CriticaL ANALYSIS. 
BY KNOX H. FINLEY AND JOHN B. DYNES. 


In the course of obtaining E.E.G. tracings on a wide variety of over 
4.500 neuropsychiatric disorders, we have become impressed by the varia- 
tion of abnormal patterns within any given clinical group, and by the 
similarity of many patterns over a-wide range of clinical disorders. From 
tracings obtained on about 500 cases of schizophrenia, 35 to 40 per cent. 
were found to have atypical or abnormal patterns (1942). Except for the 
fact that high voltage.rapid cycles were more commonly found than slow 
cycles, the abnormal tracings in schizophrenia showed little consistency. 
The same was true of the records obtained on some 200 cases of neuro- 
syphilis (1941). This variability of patterns within the same clinical group 
and overlapping of patterns within different clinical disorders continued 
to be evident as we accumulated more tracings-on other neurological and 
psychiatric disorders, including epilepsy (1942). This article is an analysis 
of the electroencephalograms on the epileptic patients. 

- The study is based upon one or more E.E.G. tracings obtained from 626 
unselected epileptics. About 60 per cent. came from the Neuropsychiatric 
Division of the Lahey Clinic, 25 per cent. from the Boston Psychopathic 
Hospital, and the remaining 15 per cent. from the Outpatient Departments 
and Wards of the Peter Bent Brigham and Beth Israel Hospitals. The age 
distribution determined from the first 457 of these patients is graphically 
presented in fig. 1. 

The records were obtained with a Grass six-channel electroencephalo- 
graphic apparatus. Electrodes were routinely placed over the frontal, 
precentral, and occipital regions of each hemisphere, the indifferent elec- 
trode being placed over the mastoid. Two types of records were obtained : 
(1) Six simultaneous recordings from the frontal, precentral, and occipital 
areas of the two hemispheres, the circuit being completed through the 
indifferent mastoid electrodes: (2) six simultaneous bipolar records, includ- 


1 From the Department of Psychiatry, Harvard Medical School, the Lahey Clinic 
and the Boston Psychopathic Hospital. This study was supported by Grants from 
the Scottish Rite Masons’ Fund and Proctor Fund. (Read before the June, 1942; 
meetings of the American Neurological Association, Chicago.) 
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ing left frontal to left precentral; right frontal to right precentral, left to 
right precentral, left precentral to left occipital, right precentral to right 
occipital, and left to right occipital. Where there was a question of a focal 
lesion, as in Jacksonian epilepsy, eight electrodes were placed over each 
hemisphere, the bipolar method being used. The records were obtained 
with the patient lying down and the eyes closed. Hyperventilation was 
carried out on the majority of these patients for a period of two or more 
minutes. ‘ ; 


THE DISTRIBUTION OF TRACINGS SHOWING A PREDOMINENCE OF 
SLOW (1 -8/SEC.), MEDIUM (8 - I2/SEC.), RAPID (12 - 40/SEC.) AND 
SPIKE & WAVE WITH RELATION TO AGE -IN 457 EPILEPTICS 


ALL EPILEPTICS (457 CASES) 
RAPID ACTIVITY (SAMPLES 4,5,6,7,9) 
ME DIUM ™ (SAMPLES 4,2) 


SLOW ( 


SPIKE @ wave ¢ "“ 18) 


20-24 30-34 40-44 50-54 - 70-74 AGE (YRS) 


Fic. 1.—Three points of interest are illustrated: (1) Rapid activity is more 
common after 15 years of age, and is therefore most often an abnormal pattern of 
the mature brain. (2) The age curve for epileptics containing slow activity closely 
parallels with: the age curve for all epileptics.. (3) The spike and wave pattern 
(including variants) is restricted predominantly to the younger age-groups. 


It is well recognized from the earliest studies of Berger (1935) Gibbs and 
Gibbs (1941), Jasper and Kershman (1941), and others, that epileptics show 
a high percentage of abnormal records. Of the records obtained on the 
626 epileptics, 14 per cent. were normal, while 86 per cent. were borderline 
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or abnormal. These figures are in keeping with the findings of the above- 
named investigators. 

An examination of the epileptic E.E.G. tracings showed considerable 
variation in the character of the abnormal patterns. In view of this lack 
of consistency, we chose samples which had sufficient individual differences 
to enable one to match the tracing of each epileptic to the sample it most 
nearly resembled. We finished with 18 samples, and none of the 18 groups 
so formed comprised more than 10 per cent. of the total number of 
epileptics (fig. 2). This point ‘alone clearly demonstrates that there is no 
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SAMPLES FROM EPILEPTIC PATIENTS ILLUSTRATING THE VARIABILITY OF E.E.6. 
’ PATTERNS IN THIS CLINICAL GROUP 


Fic. 2.—Illustrations of the eighteen. samples chosen to demonstrate the great 


variation in the type of patterns found in the epileptic disorders. Not more than 
10 per cent. of the total 626 epileptics resembled or matched any one of the samples. 
The patterns here illustrated are not set up as formal standards, but only. to 
demonstrate and establish the marked variability of abnormal E.E.G. tracings of 
epileptic patients. Each sample represents two seconds of recording. In this and 
following figures the vertical line represents 50 microvolts. 5 
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common characteristic pattern among epileptic patients. This wide variety 
of tracings presented a situation similar to that observed in schizo- 
phrenia [1] and neurosyphilis [2]. In fact, the variability is greater than 
that observed in schizophrenia in view of the more common occurrence - 
of slow cycles in epilepsy. 

Our next problem was to determine if certain of the patterns were 
restricted or tended to occur more commonly in certain types of epilepsy. 
We reviewed the histories of 369 of these epileptics and divided them 
clinically into five groups: (1) grand mal—any seizure which develops into 
a generalized convulsion'—171 cases; (2) petit mal—any seizure regardless 
of its nature, of short duration and associated with little or no gross con- 
vulsive movements'—68 cases; (3) mixed—cases with both grand mal and 
petit mal attacks as defined above—110 cases; (4) Jacksonian—a focal 
convulsive attack following some definite order of progression, with or 
without loss of consciousness—15 cases; (5) “ psychomotor ”—psychic 
variants or equivalents as defined by Gibbs, Gibbs and Lennox (1938)— 


5 cases. 


We found that no characteristic E.E.G. pattern occurred consistently 
with any of the above defined clinical epileptic types. Gibbs, Lennox and 
Gibbs classified their E.E.G.’s of epileptics into three groups corresponding 
to the grand mal, petit mal, and “ psychomotor ” clinical types. They thus 
imply that the clinical type of epilepsy can be determined from the E.E.G. 
pattern (1938). 

In their early studies, they were impressed by the common occurrence. 
of high voltage rapid frequency (20 to 25 per second) cycles in grand mal 
epilepsy (samples 6 and 7, fig. 2 and fig. 4). They termed such records 
“ grand mal activity.” We have also found this type of tracing in our 
cases, but it occurred in less than 14 per cent. of our 171 reviewed cases 
of grand mal epilepsy. Finley (1942) in an analysis of the records on some 
4,500 neuropsychiatric disorders, found these rapid frequency cycles which 
Gibbs, Lennox and Gibbs first described in grand mal epilepsy, in a wide 
variety of conditions other than epilepsy (fig. 3). They occurred even more 
often in the involutional and manic depressive psychoses and in neuro- 
syphilis [2] than in epilepsy. . 

In our clinical petit mal epileptics, the type of pattern also varied. 
Gibbs, Davis and Lennox (1935) first described a most characteristic pattern 
for this type of epilepsy, the three per second spike and wave which they 


? As defined by Penfield and Erickson—“ Epilepsy and Cerebral Localization,” 
C. C. Thomas, Springfield, Illinois, 1941 [16]. 
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termed “ petit mal activity ” (fig. 5). Of our sixty-eight clinically diagnosed 
petit mal cases, on only nine-did we obtain three per second spike and wave 
activity (hyperventilation for two minutes was tried in every instance). 
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SIMILAR PATTERNS IN DIFFERENT CLINICAL GROUPS --- BURSTS OF ORGANIZED 
RAPID HIGH VOLTAGE (24 - 26/SEC.) CYCLES PREDOMINENTLY OVER THE FRONTAL LOBES 
Fic. 3.—The abnormal characteristic of the above samples are the bursts of high 
voltage rapid activity from the frontal regions. This type of pattern, sometimes 
encguntered in epileptics, is also found in other conditions as illustrated. Each 
sample represents three seconds of recording. 


In all, 19 of our 626 epileptics showed the typical three per second spike 
and wave activity (as distinguished from the spike and wave variants of 
Gibbs and Lennox), which was distributed as follows : — 
Clinically determined petit mal Epilepsy oa i 9 
v9 grand mal Epilepsy .... ae 4 
mixed petit mal and grand mal 4 
petit mal (with pfominent sioner 
symptoms) “ ; 
grand mal (with prominent ‘peycho- 
motor symptoms) 


Total 
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Gibbs, Gibbs, and Lennox have described the spike and wave variant 
(1938) (fig. 5). These spike and wave variants occurred in 26 of our 626 
epileptics and were distributed as follows : — 


Spike and Wave Variants. 


Petit mal Epilepsy 
Grand mal Epilepsy ss 
Mixed Epilepsy (petit mal and grand mat) 
Jacksonian (right face) . ‘ 

Petit mal (with psychomotor svmptoms) 


tl) 2 oe Re 


Total 


‘In our total records on over 4,500 neuropsychiatric disorders (including 
the 626 epileptics) the spike and wave patterns or its variant occurred in 
5 clinically non-epileptic conditions. In other words, out of a total of 
4,500 cases, 50 had spike and wave activity or its variant, 45 of these occurred 
in epileptics (19 had the three per second spike and wave, and 26 the spike 
and wave variant) and 5 outside the epileptic group. The spike and wave 
pattern or. its variant is, therefore, the only one of the many types of 
patterns occurring in epilepsy, which, in our experience, is usually found 
in clinical epilepsy, but we would stress that it is by no means restricted 
to clinically determined petit mal epilepsy occurring as it does in less than 
20 per cent. of these cases and in only 9 per cent. of our total 626 epileptics 
(sample 18, fig. 2). 

Very few of our cases could we classify as “ psychomotor epilepsy.” 
None had a tracing that resembled Gibbs’ “ textbook ” picture of “ psycho- 
motor activity ” (Gibbs’ “ Atlas of Electroencephalography,” fig. 3,. p. 16). 
Ten to 15 per cent. of the patterns of our entire group would fall into Gibbs’ 
psychomotor variant patterns (4 to 6 per second activity) (1938), which pat- 
terns occur in all clinical epileptic groups and in other neuropsychiatric 
conditions [3]. 

In their early studies,.Gibbs and Lennox concentrated on the epileptic 
disorders. Their illustrations and descriptions of various types of abnormal 
patterns are important contributions. We have been stimulated by this 
early work and we have been in a position to profit by these studies in 
addition to our wider range of clinical material. The great variability of 
patterns which we found in our epileptics is more in keeping with the 
ideas expressed in the monograph on epilepsy by Lennox and Cobb in 
which they point out that epilepsy is not a disease entity, but a symptom 
due to one or several ztiological elements (1928). 
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Jasper and Kershman ‘1941) would substitute for the Gibbs and Lennox 
classification of epileptics by brain wave patterns, another, based on (1) 
the presence of spike activity; (2) synchronous three per second cycles from 
homologous areas of the two hemispheres; and (3) diffuse abnormal activity. 
They have successfully eliminated the use of clinical terms and substituted 
for it a classification based on the localization of special types of abnormal 
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SIMILAR PATTERNS IN DIFFERENT 
CLINICAL DISORDERS 


Fic. 4.—Rapid frequency cycles from the frontal and precentral regions in 
different neuropsychiatric disorders. These patterns resemble Gibbs’ “ grand mal 
activity.” In our experience such patterns are more commonly encountered in 
neurosyphilis and affective psychiatric disorders than in the epileptic. Each sample 
represents two seconds of recording. 
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activity. This is a step in the right direction in that it attempts to get * 
at the root of the abnormal activity within the brain. Their classification 
' of epileptic tracings fails to emphasize that their pattern types, as those of 
Gibbs and Lennox, are not limited to the epileptic conditions. Their 
various wave forms, from the three per second up to the 25 per second, 
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SPIKE & WAVE PATTERNS @& VARIANTS 


Fic. 5.—The first three samples are the characteristic spike and wave patterns 
of about three cycles per second. The remaining samples are the spike and wave 
variant as described by Gibbs. Each sample represents one second of recording. 
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are found in clinical disorders other than epilepsy. Furthermore, the 
authors state that the one aspect which distinguishes epileptics from non- 
epileptic cerebral disorders is the recurrence of outbursts of “ large voltage 
waves ” (a characteristic which Jasper and Nichols complicate further by 
calling paroxysmal hypersynchrony). Our recent review of the records of 
some 4,500 neuropsychiatric disorders shows that recurring outbursts of 
large high voltage waves is a common feature of abnormal records in all 


cerebral disorders including epilepsy. 

We believe that the time has not yet arrived to make any formal classi- 
fication of brain wave patterns. Present classifications are, at best, /pro- 
visional and temporary. We should first understand the nature of the 
disturbance or disturbances within the brain which gives rise to these many 
types of brain potential components which we now record. Promising work 
of this type is already coming from several neurophysiological laboratories; 
to mention the studies of Adrian [1936], Dusser de Barenne and McCulloch 
(1935), Dow (1939), Bronk and Brink (1939), Dempsey and Morison (1941), 
and Rosenblueth and Cannon (1942). We feel that those of us working 
in the field of clinical electroencephalography tend to over-interpret our 
records and that we must be more cautious until we obtain more precise’ 
neurophysiological information. 

The value of the electroencephalogram to the clinician does not lie so 
much in confirming a specific clinical diagnosis as in giving-him added 
information about the clinical disorder with which he is dealing. It might 
appear from the foregoing statements, that in the analysis of our case. 
material we feel the electroencephalogram is of little value in epilepsy. 
This is by no means our conclusion. We do feel that the electroencephalo- 
graph is a useful instrument when combined with other laboratory data, 
clinical findings, and history. This information is often non-specific; 
nevertheless, it more often gives evidence of cerebral disorder in the 
epileptic when other methods fail. Schwabb', in a-review of his material, 
found that the electroencephalogram was of help (though often non- 
specific) in 72 per cent. of neurological cases. The electroencephalogram 
is of direct value for localizing cortical lesions in epileptics. It is a useful 
aid in distinguishing borderline or hysterical conditions which may or 
may not be of neurological nature. Furthermore, as 6ur knowledge of the 
physiological mechanism of brain waves becomes better understood, the 
value of this promising new laboratory technique to the clinician will 
become correspondingly greater. 


! Personal communication. 
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SUMMARY AND CONCLUSION. 


(1) 86 per cent. of E.E.G. tracings on 625 epileptics were borderline or 


abnormal, and 14 per cent. were normal. 
(2) We would stress the variability of ‘EEG. tracings of épileptic 


patients. 

(3) Many of the patterns obtained from epileptics are found in other 
neuro-psychiatric conditions. The spike and wave patterns usually found 
in epileptics occurred in less than 10 per cent. of our 625 cases. Less than 
half of these spike and wave patterns were fourid in petit mal epileptics. 

(4) Because of the great variety of patterns obtained in epileptics, and 
because many of these patterns resembled those found in other disorders, 
the use of clinical terminology in describing the brain wave patterns of 
epileptics is misleading. 

(5) The E.E.G. can continue to be of practical value to the neuro- 
psychiatrist in the diagnosis of-epilepsy when used as an adjunct in con- 
junction with other laboratory data, the history and the clinical findings. 
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INTRACRANIAL CONDITIONS AFTER CLOSED HEAD INJURIES. 


BY ADAMS A. McCONNELL. 


Tue uncertainty which exists about intracranial conditions following 
closed head injuries isi due in part to the fact that operations are seldom 
necessary and hence direct observations are few. One opportunity for 
direct inspection does, however, present itself when an operation is under- 
taken for a suspected massive hemorrhage. Whether or not the 
hemorrhage be found some idea of the general state of the intracranial 
contents can be obtained, especially if the operation be planned, not only 
to find something, but to observe everything. If the precautions necessary 
to open the spinal dura without incising the arachnoid be observed in these 
cranial operations, it is| possible to demonstrate whether any fluid or blood ° 
superficial to the braim be subdural or subarachnoid: Careful inspection 
of the arachnoid before any instrument is passed confirms its integrity. 
Congestion, swelling cr shrinkage. of the brain is immediately obvious. 
When the cranial wound is open a Jumbar puncture may establish after 
a fashion the relation between pressure in the cranial cavity and pressure 
in the lumbar theca. Although these observations are more often sug- 
gestive than demonstrative, and although many things lie beyond their 
scope, they may yield information unattainable otherwise. For this reason 
two or more inspection holes have been made in the skulls of some patients 
suffering from the early or late effects of injury to the head even when gross 
haemorrhage was not suspected. The observations made at “ negative ” 
and exploratory operations form the basis of this paper. - 

The following illustrative cases are presented in sections according to 
the mental or clinical states at the time of the operation, viz. semicoma, 
delirium, confusion, headache and bradycardia, dementia, and headache 
alone. All the patients had sustained concussion of the brain, as indicated 
by immediate unconsciousness or retrograde amnesia. Cases of epidural 
and subdural hemorrhage are mentioned only when the operative findings 
helped in the interpretation of the general intracranial state. 


SEMICOMA. 


~ - 


Case 1.—R..V., aged 22, was. rendered unconscious in a motor crash at 8 a.m. 


on April 16, 1940. 
At 9.45 p.m. semicoma; swallowing reflex present. No response to painful 


stimuli. Corneal reflex absent. Cheyne-Stokes respiration. Pupils pin-point. 
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Bilateral Babinski reflex. Pulse rate 150. Temperature 100-8° F. Blood-pressure 
85/60. 

11 p.m.: Blood transfusion. Slight reaction to painful stimuli. Left limbs 
moved; right did not. Grasp reflex in right hand. °S 

17th, 3 a.m.: Blood-pressure 110/65. Pulse rate 130. 

Operation.—Single drill opening in the left temporal region. No hemorrhage. 
‘When the dura was opened clear fluid welled up into the wound and continued 
to flow-during the operation. The arachnoid was intact and there was no excess 
of subarachnoid fluid. The brain lay just below dural level and pulsated freely. 
There was no evidence of increased intracranial pressure after the escape of the 
subdural fluid. Similar results were obtained when the other side of the skull was 
opened. 

. During the operation the patient moved all his limbs, but the right side of the 
face did not move. 

2 p.m.: Very restless; incontinent. Breathing laboured and fast. 

18th, 6.a.m.: Mors. 

Autopsy.—There were three or four filmy clots from one-quarter to half an inch 
in diameter in the subdural space over the frontal lobes. The surface of the brain 
was a uniform light red colour, The brain itself appeared intact and on section 
no petechial hemorrhages were seen. 

Case 2.—V. L., girl, aged 8 years. On March 30, 1942, at 10 a.m. sustained 
concussion in motor accident. She remained unconscious and at. noon was_semi- 
comatose. On painful stimulation moved all limbs. 

8 p.m.: Semicoma, right hemiplegia. \ 

31st, 4 a.m.: Semicoma, complete right hemiplegia. Pupils equal and reacting. 
Left corneal reflex absent. Temperature 100-2° F: Pulse rate 96. Respirations 38. 
Bleeding from left ear. Blood-pressure not registrable. 

6 a.m.: Left temporal exploration. No hemorrhage. When dura was opened 
yellowish fluid spurted out, filling opening several times. Arachnoid intact; no sign 
of subarachnoid fluid. Brain at first depressed but rose to dural level and pulsated 
freely. No evidence of increased intracranial pressure after escape of the fluid. 
Right temporal opening. Slight excess of subdural fluid; brain. pulsating freely, no 
increase of pressure. 

Lumbar puncture, no pressure registrable, child straining, blood-stained fluid. 

April 1: Semicoma. Incontinent. Neurological signs as before. Radiography. . 
Circular fracture left parietal and occipital bones, one fracture line reaching the 
foramen magnum. Operation. An opening was made in the parietal bone close 
to the fracture. No hemorrhage, but a considerable amount of bldod-stained 
subdural fluid escaped. Left ventricular puncture. Clear fluid, no tension. 

2nd: Semicomatose. Signs as before. 

4th: Spoke a few words. Blood-pressure 115/80. Slight movement of the right 
leg. 

6th: Obeyed commands. Pulse rate dropped to 52 during sleep. 

7th: No movements of right leg. Seemed more drowsy. Pulse rate 65. 

Operation.—Left temp6ral wound reopened. A small amount of subdural fluid 
escaped, and the arachnoid membrane bulged into the wound. There was no pulsa- 
tion. When a spatula was passed under the dura the wound filled up several times with 
fluid. When the wound was left alone the fluid seemed to seep through the bulging 
arachnoid, but it was difficult to be sure whether it was not subdural fluid oozing 
from round the edges of the opening. Lumbar puncture was then done. About 
¥, c.c. of fluid was aspirated and when the needle was left open a drop accumulated 
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very slowly. It was impossible to take a reading on*the manometer. Jugular com- 
pression made the drop form more quickly. A needle was then passed into the 
left ventricle. The fluid at first rose to almost 80 mm. then dropped to a final 
reading of about 40. After 20 c.c. of fluid had been removed, the brain pulsated 
freely, but there was still some fluid under the arachnoid. However, the latter no 
longer bulged into the opening. The. wounds were then closed. The lumbar 
puncture fluid was clear. 

The patient’s general condition gradually improved and on April 17 she was 
able to move the right limbs. 

Recovery was interrupted by diphtheria, but was complete on May 10, 1942, 
except for slight exaggeration of the deep reflexes on the right side. 


Case 3.—S. L., aged 39 years. On May 3, 1941, at 12 noon the patient fell fro 
a height of 40 feet. He was immediately unconscious. 

8 p.m.: Semicoma, swallowing reflex present, slightest response to painful 
stimuli. Right pupil contracted; left fixed and dilated. Increased muscular tone 
on right side. Right Babinski reflex. Pulse rate 48. Temperature 98° F.° Blood- 
pressure 165/90. 

10 p.m.: Right limbs rigid. Bilateral Babinski reflex. When head turned to 
the right both arms became extended with forearms pronated and fists clenthed 
and the left knee flexed slightly, while the right extended. 

10.45 p.m.: Left temporal opening. A large amount of dark fluid blood was 
removed from the subdural space and the brain immediately occupied the space, 
bulging into the opening in the skull. 


11.5 p.m.: Right temporal opening. No hemorrhage but brain very tense and 
swollen. ; 

With the wounds still open a lumbar puncture was performed. A few-drops 
of fluid were obtained but the pressure was zero. Intravenous sucrose had no effect. 
The patient died at 8 a.m. next morning. 

Autopsy.—Vertical fracture posterior cranial fossa. Contusion of right cerebellar 
hemisphere. Large subdural clot over left temporal and frontal lobes which were 
lacerated. Contusion medial aspect of left occipital lobe. 

Case 4.—M. S., aged 19 years, fell off a bicycle on April 10, 1942. When admitted 
at 1.30 p.m. he was quite conscious and complained of headache. He had complete 
amnesia for the accident and for the events of that morning. He did not know 
what day of the week it was. He vomited several times. 


Examination.—There was a bruise of the scalp in the right parietal region and - 
a fluctuant swelling above it. Neurological examination was negative. Pulse rate 
48. Temperature 96° F. Respirations’ 20. Blood-pressure 124/60. He became 
drowsy at times but responded immediately to questions. 

4 p.m.: Three epileptic fits in which the head and eyes turned to the left and 
there were movements of the left limbs. Consciousness appeared complete 
immediately afterwards. - 


il p.m.: Ecchymoses appeared at both inner canthi. 
April 11, | a.m.: Conscious, moving all limbs. 


8 a.m.: Comatose, stertorous breathing. - Ecchymosis over edch eye. Swelling 
in right temporal region and around right mastoid. No relative flaccidity of limbs, 
but there was a Babinski sign on the left side. 
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Operation.—Right temporal opening. Small amount of black subdural blood, 
brain greatly swollen. Respirations ceased and patient died. 

Autopsy.—Thin layer of black clot over both frontal poles and between the falx 
cerebri and the mesial aspect of the left hemisphere. Fracture of the right side 
of the occipital bone with laceration of the occipital pole; clot the size of walnut 
in the laceration; fracture of both orbital, plates; laceration of both temporal poles 
and of the orbital surfaces of both frontal lobes. 


TRAUMATIC DELIRIUM. 


Case 5.—W. M., male, aged 30, racing motor cyclist crashed on the morning 
of May 20, 1937, and was unconscious immediately. ‘That evenihg while semi- 
‘ comatose he became very restless and was given bromides and morphia without 
effect. . 

May 21: Delirious; tossing about in bed, moving all limbs; able to take drinks; 
not incontinent. Reacted to slight stimuli but did not obey commands. Tempera- 
ture 100° F. Pulse rate 90. 

22nd: Restlessness continued and it was reported that he spoke rationally. 

23rd, 1 p.m.: Delirium. Pulse rate jumped from 80 to 150. Breathing rapid 
and shallow. Left arm was not used as much as right. At this stage information 
was received that the patient had been treated for thyrotoxic symptoms a year 
previously. : 

24th, 4 a.m.: Intense delirium, the right arm and leg being flung about cease- 
lessly; the left limbs lying still and affected only by the movements of the right 
side of the body. The face appeared normal. There was a Babinski reflex on the 
left side. Pulse was. uncountable; breathing very rapid and shallow. 

Operation.—A single drill opening was made in the right temporal region. A 
few flakes of blood clot were found in the subdural space. The brain was shrunken 
and did not. pulsate; it remained about one and a half centimetres below dural 
level., There was no sign of subarachnoid hemorrhage and obviously nb increased 
intracranial pressure. Similar, conditions were found when the left side of the skull 
was opened. 

A local anesthetic was used and the restlessness continued throughout the 
operation. i 

The patient died fourteen hours later. 

Autopsy did not reveal either hemorrhage or laceration of the brain. 


Case 6.—R. M., girl aged 13 years. On February 6, 1940, at 4 p.m. was knocked 
off a bicycle and became unconscious immediately. 

It was stated that she recovered consciousness in a few hours and later became 
unconscious again. This statement was subsequently contradicted. 

8 p.m.: Admission. Semicoma, no neurological signs excépt for a questionable 
Babinski reflex on the right side. Retention of urine. 

February 7: Delirious, constant purposeless movements. No reaction to com- 
mands. Weakness of right side of mouth; weakness of right arm; bilateral Babinski 
reflex. Temperature 100° F. Pulse rate 110 and irregular. Radiography revealed 
avulsion’ of the coronal suture communicating with a linear fracture of the right 
parietal bone. ‘ 

_ The history of a lucid interval and the onset.of focal signs indicated operation. 
Single drill holes were made on both sides behind the coronal suture. A small 
amount of blood-stained fluid escaped when the dura was opened, but its origin 
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could not be determined. The brain was very swollen and bulged into the openings. 
The wounds were closed. 
February 8:. Very irritable but obeyed commands, - 
February 9: Conscious but aphasic. Weakness of face and arm not so pro- 
nounced. ¥ 
Retention of urine continued until February 12 and aphasia until February 22. 
Recovery was complete. 


TABLE I.—SEMICOMA. 


Blood-pressure 
and Operative or 
pulse rate findings recovery 
110/65 130 Slight pressure. No lesion found 
Subdural effusion. 

Brain normal 


Hours 
after 
Age injury 
22 19 


Autopsy 


Focal signs 
R. hemiplegia 
onset unknown 


Slight pressure. Recovered 
Subdural effusion. 


Brain normal 


R. hemiplegia 
onset 5 hours 


R. limbs rigid Great pressure L. subdural 


R. Babinski 


Lucid interval 
18 hours. 
L. epi eptic | 


attack 4 hours. 


L. Babinski 
18 hours 


L. hemiplegia 
onset 76 hours 


Paresis R. arm 


DELIRIUM, 


150 


112/75 


110 


L. subdural 
hematoma. 
Brain greatly 
swollen 

Great pressure 
R. slight sub- 
dural hemo- 
trhage. Brain 
greatly swollen 


No pressure. 
Brain shrunken 


Pressure. 


haematoma. 
Cerebral lacera- _ 
tion. Cerebel- 
lar contusion 


Slight subdural 


* hemorrhage. 


Laceration, 
frontal, tempo- 
ral and R. 
occipital poles 


No lesion found 


Recovered 


R. Babinski 
onset 18 hours 


Brain swollen 


CoMMENT. 
These observations suggest that there is no uniformity in the intra- 
cranial conditions after severe concussion of the brain. The clinical state 
of the patient appears to depend on the “basic generalized cerebral dis- 
turbance of concussion.” (Denny-Brown and Russell, 1941), and not on 
any of the abnormalities disclosed at operation. The brain may be swollen, 
shrunken or appear normal; extracerebral lesions, massive hemorrhages 
and effusions may or may not be present. The purely cerebral abnormali- 
ties are the results of the initial cerebral injury and there is no evidence 
that they increase the effects of that injury. The extracerebral lesions, 
on the other hand, can ofthemselves produce cerebral symptoms and stupor 
in patients who have not sustained cerebral injury; they must therefore 
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be regarded as capable of inflicting fresh damage on a brain already 
damaged. The signs of such fresh damage may be overshadowed by the 
profound effects of the initial:damage. 

Intracranial pressure—The table shows that an increase of intra- 
cranial pressure cannot be attributed always‘to the same cause. In two 
cases, a subdural effusion; in two, swelling of the brain; and in one, swelling 
of the brain associated with a subdural hematoma appeared to be the 
responsible agents. 

The spinal fluid pressure was zero in two of the cases, probably because 
the intracranial pressure had been lowered by the removal of fluid in 
Case 2, and there was a block in the circulation of the cerebrospinal fluid 
in Case 3. Records of spinal fluid pressures have not been of much 
assistance in the differentiation of intracranial conditions after injury. A 
high pressure may be due to one or more of several lesions, whilst a 
moderate or low pressure may be found in cases of massive hemorrhage 
(Jefferson, 1932; Aldren Turner, 1941). 

Focal signs. —In the first three cases focal signs could be attributed 
to extracerebral lesions, in the Test they remained unexplained. The pro- 
found collapse after a long lucid interval in Case 4 may be interpreted 
as the result of contusion of the medulla (Denny-Brown, 1941). 


CONFUSION. 


Case 7.—W. M., aged 52, postman, fell off his bicycle on February 14, 1942. 
He became unconscious immediately. On admission five hours after the fall he 
was semicomatose. There was some bleeding from the right ear and ecchymoses 
around both eyes. The right pupil was fixed and dilated. There were no other 
neurological signs. Pulse rate 60 to 70. Radiography disclosed a linear fracture 
involving the right sphenoidal ridge and the roof of the orbit. 

y. An exploratory opening was made in the 
right temporal region; there was no epidural hemorrhage and when the dura was 
opened no subdural hemorrhage nor fluid was found. The brain appeared normal 
in every respect. No evidence of increased pressure. 

15th: Very restless and irritable, talking incoherently. Lumbar puncture: 
‘pressure 240 mm. of water; the fluid was blood-stained but not grossly so. Blood- 
pressure 150/70. Pulse rate 72 to 80. 

16th: Irritability. Incontinence. Not talking. Pupils equal. Lumbar punc- 
ture: pressure did not register in the manometer; blood in fluid. Pulse rate 64 to 74. 

17th: No incontinence. Irritability Jess. Attempts to speak. Neck rigid. 
Pulse rate 60 to 70. Lumbar puncture: pressure 100 mm. of water, blood-stained 
fluid. 

18th: Attempts to answer when questioned. Lumbar puncture: no pressure 
registrable, fluid blood-stained. Pulse rate 64 to 72. ‘ 

For the next four days the patient’s mental.condition remained stationary. He 
could not understand. the spoken word, but when a hand was held out to him he 
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took it. He mumbled incoherently. He was occasionally incontinent. The pulse 
rate tended to remain between 54 and 60. It was decided to make exploratory 
openings in the hope of finding a subdural effusion. 

23rd: Operation —Drill holes were ‘made just behind the frontal eminence on 
each side. When the dura was opened fluid at first spurted out and then became 
a copious stream, yellowish in colour. Its protein content was over 2-0 per cent. 
The brain remained about a centimetre below dural level. The wounds were closed 
around rubber strips. The patient was coaxed to take as much fluid as possible. 


24th: No change in mental condition or speech. Pulse rate 62 to 66. Dr. T. G. 
Hardman’s report on radiography of the head in the upright position reads: “ There 
is a large amount of air in the subdural space above the cerebral hemisphere and 
extending down for some distance on the lateral aspects. In both the lateral and 
antero-posterior views horizontal lines of shadow can be seen which rise higher 
on the left than on the right side and presumably indicate fluid levels.” (Figs. | 


and 2.) 


Fic. 1. 


25th: Can give his own name and address. Pulse rate 76. 

26th: Can read headlines in paper. Pulse rate 60. 

Wounds reopened. When the head was lowered fluid poured out and was 
automatically replaced by air which was demonstrated by radiography. 
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27th: Talks clearly and intelligently. Knows where he is. Pulse rate 70 to 74. 
From this time onwards the patient made an ee recovery. Air 


remained in the subdural space until March ‘14. 
June 17, 1942: The latest report states that the patient is pursuing his usual 


occupation as a cycling postman. 


COMMENT. 

There are some significant points in the history of this patient's pro- 
gress: (1) At the first operation there was no indication of an excess of 
subdural fluid; apparently the fluid collected in the interval between the 
operations—a fact which suggests an effusion rather than an extravasation 
of cerebrospinal fluid into the subdural space. (2) A very large collection 
of subdural fluid took place in spite of repeated lumbar punctures. (3) The 
fluid was collecting while spinal fluid pressure was dropping from 240 mm. 
of water to zero. (4) Removal of the subdural fluid brought about rapid 
improvement in the patient’s mental condition in spite of the fact that the 
brain remained shrunken for a considerable time afterwards. 3 
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Four patients were submitted to operation because of persisting con- 
fusion. A large subdural effusion was found in each and the brain 
remained deformed: Three of these cases have been reported elsewhere. 

The state of confusion follows severe concussion so constantly that it 
must be regarded as a normal stage in recovery (Symonds, 1935), but the 
observations just recorded suggest that a lengthy halt at this stage indicates 
the presence of some extracerebral lesion. 


HEAvaAcHE AND BRADYCARDIA. 
a 


Case 8.—S. L., aged 38, was rendered unconscious by an accident on January 17, 
1942. One hour later she could give her name. Pulse rate 104. No neurological 
signs. Fissured fracture of left occipital and petrous bones. As the day went on 
she became irritable and complained of headache. The pulse rate dropped gradually 
to 66, For the next three days she remained irritable, occasionally confused and 
unaware of her environment. The pulse rate dropped further until on the 22nd 
it ranged between 42 and 48. Headache persisted. 

22nd: Exploratory openings in left posterior parietal region. Very small epidural 
clot. Dura opened; brain very swollen. Ventricular puncture, fluid escaped under 
tension. Burr hole made in left suboccipital.region; no epidural hemorrhage; dura 
not opened. Lumbar puncture, fluid slightly yellow, pressure 230 mm. of water. 

23rd and 24th: Spirial fluid pressures 240 mm. of water reduced to 140 mm. 
and 200 mm. reduced to 60 mm. respectively. Dehydration by magnesium sulphate | 
by rectum. 

She gradually became aware of the surroundings and remembered where she 
had been immediately before the accident. Headache continued until 27th. The 
pulse rate remained between 40 and 50 until February 7, then gradually mounted 
to between 60 and 70. On discharge on 18th it was 64. The rate was not affected 
by rest or activity. 


Case 9.—¥F. E., aged 18 years. On February 25, 1942; concussion, unconscious 
about one minute. . 

26th: Headache, vomited several times. Pulse rate 80. 

Radiography. Linear fracture right parietal and occipital bones parallel to 
sagittal suture. 

28th: Headache, vomited. Pulse rate dropped to 62 occasionally though it was 
80 when he was asleep. 

March |: Pulse rate remained about 60. Headache continued, vomited several 
times. Intellectually-alert. Lumbar puncture: clear normal fluid, pressure 170 mm. 
No neurological signs. 

March 2: Operation. Right parietal opening. Brain-swollen and engaged in 
opening; no hemorrhage; no fluid. Ventricular puncture, pressure 150 mm. Brain 
remained tense. Lumbar puncture, no pressure registrable. Dehydration therapy 
continued. 

For the next two days the patient had an occasional headache but no vomiting. 
The pulse rate rose to between 70 and 80 with. an occasional drop to 66 during the 
nights. Blood-pressure 135/80. 

March 5th: No symptoms. 

Recovery was complete. 
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Case 10.—F. S:, aged 24 years, at.12 noon on August 11, 1940, fell downstairs. 
She remained unconscious for seven minutes. 4.15 p.m., conscious. No neuro- 
logical signs: Pulse rate 54. Blood-pressure 110/50. Radiography showed widening 
of left side of lambdoid suture. 

For the next three days the patient’s condition was satisfactory except for occipital 
headache, occasional vomiting and a pulse rate declining steadily to 42. Her mind 
was perfectly clear. 

15th: Through a drill opening in the left posterior parietal region an epidural 
clot was seen. A bone flap was reflected and a large hematoma was removed. 
The brain expanded.immediately. The headache was relieved at once. -The pulse 
rate rose to 64 but dropped again to 54, at which level it remained for 24 hours, 
when it rose and remained between 70 and 80. 

Recovery was rapid and complete. 


Case 11.—M. J., aged 47 years, fell off a bicycle at 9 a.m. on January 10, 1941. 
He was unconscious for an indefinite time and then passed into a state of stupor. 
On admission at noon he knew his name, age and whereabouts but had complete 
amnesia for the previous 24 hours. He complained of severe headache. Pulse rate 
78. Blood-pressure 110/70. No neurological signs. 

llth: Vomited several times. Mentally clear. .Suggestion of left facial weak- 
ness. Pulse rate 64 to 76. Lumbar puncture, fluid slightly blood-stained; pressure 
165 mm. Radiography,linear fracture right parietal bone parallel to coronal suture. 

For the next six days the patient was well except for a right frontal headache. 
The pulse rate remained in, the neighbourhood of 60—on one occasion dropping for 
a short time to 54. ; 

17th: Operation.—Right temporal opening. A large quantity of dark fluid blood 
was found in the subdural space. When the patient coughed or held his breath the 
brain expanded, but at the end of the operation its surface lay about | cm. below 
dural level. Through a left temporal opening everything appeared normal. Head- 
ache was relieved instantly. Pulse rate rose to 76 and remained about that level 

‘for 24 hours, when it fell back to 60. 

21st: Slight headache. The wound on the right side. was reopened. There was 
no fresh hemdrrhage, but the brain was still shrunken. A ‘continuous intravenous 
drip of 5 per cent. glucose was started. 

23rd: Pulse rate 80. Blood-pressure 120/80. 

From this time on there was no fall in the pulse rate and the patient made a 
complete recovery. 


Case 12 (reported elsewhere).—Bilateral subdural effusion in a boy of 12. Ex- 
posed 12 days after concussion because of headache and a pulse rate of 60. Lumbar 
puncture, pressure 180 mm. of water. Brain remained shrunken. Six days later 
wound reopened because of recurrence of headache and drop in pulse rate to 50. 
Brain found shrunken. Hydration therapy; rapid recovery. No neurological signs 
at any time. bs 


Case 13.—N. J., aged 25 years, fell off a ladder on April 29, 1942, and was 
immediately unconscious. 

When admitted on May 5 he had complete amnesia for the accident, for some 
minutes before it and for four days after it. Otherwise he was mentally clear. He 
complained of severe frontal headache. Neurological examination was negative. 
Pulse rate 60. Blood-pressure 108/70. ‘ 


. 
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Radiography revealed a lifear fracture two inches long in the left parietal bone; 
it ran into the lambdoid suture. 

May 6: The severity of the headache, the slow pulse rate and the presence of a 
fracture led to an exploratory operation. An opening was made in the left parietal 
bone close to the fracture. When the dura was opened a small amount of fluid 
escaped from the subdural space and the arachnoid membrane then bulged into 
the opening. There was obviously a marked excess of subarachnoid fluid. Similar 
conditions were found when the other side of the skull was opened. The arachnoid 
was not opened. Lumbar puncture yielded a straw-coloured fluid under a pressure 
of 140 mm., the protein content of which was 0-07 per cent. 

The headache was sqmewhat relieved, presumably by the lumbar puncture. * 

May 8: Slight headache. Spinal fluid pressure 220 mm. Pulse rate 64. 

May 9: No symptoms. Pulse rate 70-80. 

Recovery was complete. 

These cases are summarized in the following table : — 


TaBLE II.—HEADACHE AND BRADYCARDIA WITHOUT 
NEUROLOGICAL SIGNS. 
Days Spinal fluid 
after pressure in 
No. Case injury Pulse vate mm. of water Operative findings 


S. L. 42-48 230 - Increased pressure. Swollen brain. 
48-54 240 
200 


58-64 170 
0 Increased pressure.’»Swollen brain. 
Ventricular pressure 160. 


Increased pressure. Epidural hema- 
toma, brain expanded immediately. 


Increased pressure, _Subdural hemo- 
rrhage, brain remained shrunken. 
Brain still shrunken. 


McM. 
180 Increased pressure. Subdural effu- 
sion. Brain shrunken. 
85 


140 Increased pressure. External hydro- 
cephalus. Brain normal. 
220 * 


CoMMENT. 


In all these cases the intracranjal pressure was definitely increased, 
yet according to the standards usually accepted, in but one case would the 
spinal fluid pressure be considered above normal. Russell (1932) puts the 
highest level of the normal pressure at 200 mm. and Aldren Turner (1941) 
at 180 mm. It would appear unsafe to assume that an intracranial pressure 
of less than 180 mm. was insufficient to interfere with cerebral function 
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or to produce headache or bradycardia. Moreover, the effectual pressure 
may be lower when there is cerebral damage than when such damage does 
not exist. Rowbotham (1942) rightly points out that, the speed with which 
the pressure develops is more important than its magnitude. The cause 
of the increased intracranial pressure in two of the cases was a swollen 
brain. The swelling subsided spontaneously, for the operation could have 
done noting to assist its resolution. As the majority of patients with 
headache and bradycardia recover completely, swelling of the brain is 
possibly the most common cause of these symptoms, although the fact of 
recovery cannot be taken as conclusive evidence of the nature of the lesion. 

The two patients with hemorrhage showed no increase in the gravity 
of the symptoms. It may be assumed that sooner or later unequivocal 
signs of an expanding lesion would have developed or a precipitous decline 
into coma would have occurred. The subdural effusion found in Case 12 
might have increased in size as would a hematoma, or it might have 
remained stationary for an indefinite period. In the latter event headache 
on exertion might be the only symptom, the pulse rate having assumed a 
normal level. The symptoms in the case of external hydrocephalus 
disappeared after one lumbar puncture. The fact that an increased intra- 
cranial pressure was found in the only cases of headache and bradycardia 
submitted to operation does not exclude the possibility of these symptoms 
being due to other lesions. In the opinion of Denny-Brown (1941) con- 
tusion of the meduHa is the fundamental lesion. In order to accept this 
as the constant lesion it would be necessary to exclude the effect of increased . 
intracranial pressure. The operative findings in the cases reported above 
suggest that an increase of intracranial pressure cannot be excluded either 
by the non-progressive nature of symptoms or by a “ normal ” spinal fluid 
pressure. 


Traumatic DEMENTIA. 


Case 14.—G. J., male, aged 53 years, in July, 1941, was rendered unconscious 
in a motor accident. He remained unconscious for 214° hours. Recovery was 
apparently rapid and complete, although he complained of severe headache, starting 
nine days after the accident and continuing for two months. 3 

November 4, 1941: The patient fell off a bicycle and became unconscious 
immediately. Three hours later he was semicomatose and soon afterwards passed 
into a state of mild confusion. In this state he remained for some days and then 
he was able to give his name. He talked incessantly and in the most disconnected 
fashion. He could not recognize his relatives nor was he aware of his environment. 
He appeared quite cheerful. He made many attempts to escape from hospital and 
once gained the street, where he.was found wandering aimlessly. His physical 
condition was excellent. ° 
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November 18: Bilateral exploratory openings were made in the skull. No extra- 
cerebral lesion was found and the brain itself appeared normal. Spinal fluid pressure 
was 90 mm. of water. | 

There was no change in the mental state of the patient and he was committed 
to a mental home on December 4. 

May 27, 1942: The patient was discharged from the home in a state of mild 
confusion. He knew his name and address, could recognize his relatives and was 


aware of his environment, but insight was defective. . 


Case 15 (reported elsewhere and here summarized).—Concussion, stupor for ten 
days, confusion for two months then dementia. On the eve of the day fixed for 
commission to a mental home an exploratory operation was performed and a large 
subdural effusion found. Inside four days the mental condition was nearly normal 
and recovery was complete in ten days. 

The date of the operation was January 25, 1930, and the patient has remained 
normal in every way up to the present. 

The psychiatrists who examined these patients made the same diagnosis and 
offered the same prognosis in each case; to the untrained observer both patients 
appeared insane. 


COMMENT. 


Traumatic dementia is defined by the Medical Research Council (1941) 
as progressive mental impairment, predominantly of the intellectual func- 
tions, resulting from structural damage to the brain. The result in Case 15 
suggests that the damage to the brain may sometimes be reversible and that 
it may be due to an extracerebral lesion. 


HEADACHE. 


A distinction must be made between the headache which exists as a 
solitary symptom in an otherwise normal individual and the headache 
which is but part of the post-traumatic syndrome. This syndrome, as 
O'Connell (1941) points out, is better termed “ post-concussional,” and it 
includes not only headache but dizziness, irritability, mental instability 
and other symptoms of a psychogenic nature. 

Some definite lesion amenable to treatment has been found in each 
patient submitted to operation because of headache as an isolated symptom. 
In the majority of cases this lesion was a subdural effusion. 

At the beginning of this investigation exploratory operations were per- 
formed on four patients exhibiting the post-concussional syndrome. In 
all the outstanding lesion appeared to be cortical atrophy. It is, of course, 
impossible to assert that the condition of the brain was due entirely to 
trauma, for cases of cortical atrophy are found in which no history of 
injury can be obtained. 


If a subdural effusion or a meningeal adhesion can give rise to headache 
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‘ina patient mentally normal, there. is no reagon why it.should not have 
the same effect in a patient with a psychopathic personality, but it would 
appear that the search for such a lesion in the latter type of patient can 
do more harm than the lesion itself. This is- particularly the case if 
encephalography by air injection forms part of the investigation. 

As the cases of pure headache and of-the post-concussional syndrome 
have been reported previously (McConnell, 1941), further reference to them 
is unnecessary. 


SUMMARY. 


The intracranial abnormalities discovered at ; operation may be classi- 
fied as cerebral and extracerebral. 

Cerebral.—(1) Generalized swelling or oedema of the brain was found 
soon after the injury and during recovery, but it was not a constant finding 
at any stage. It was most marked when the brain was contused or lacerated. 
It was not related to the state of consciousness, for it was absent in some 
semicomatuse patients and present in some patients who were mentally . 
alert. 

The incidence of cerebral oedema diminished as :the time ‘after the 
injury lengthened. Contrary to the experience of Trotter (1924), it was not 
found at all later than six weeks after injury, and consequently it could not 
be held responsible for headache persisting beyond that period. In this 
series of cases cerebral cedema did not appear to increase the effects of the 
basic lesion of concussion or to delay recovery from concussion. 

(2) Shrinking of the brain was observed at every stage after injury. In 
the early stages it was attributed, rightly or wrongly, to shock; in’ the 
later stages to dehydration, and in the remote stages to cortical atrophy. 
When a brain, which had appeared shrunken at operation, came to autopsy’ 
it appeared normal; in no case were there macroscopic contusions or 
lacerations. The clinical state of the patient did not indicate whether the 
brain would be found shrunken or swollen. In some cases expansion of 
the brain was demonstrated to coincide with clinical improvement. 

Extracerebral.—(1) Massive hemorrhages, epidural and subdural 
(2) Subdural effusions. (3) External hydrocephalus. 

It-is uncertain whether external hydrocephalus occurs independently 
of cerebral injury, but there is no doubt that hemorrhages and subdural 
effusions occur in patients who have not sustained concussion of the brain. 
These extracerebral lesions may ultimately involve the brain and produce 
cerebral symptoms. 

When an extracerebral lesion develops in a patient suffering from the 

BRAIN—VOL. LXV. : 20 





280 + ADAMS A. MCCONNELL 


effects of concussion it may*be impossible to disentangle the symptoms 
resulting from the two lesions, particularly if unconsciousness be prolonged. 
The kate onset of.focal symptoms has led to several negative explorations. 

Symptoms of progressive cerebral involvement are usually attributed 
to massive hemorrhage, but it has been shown that a subdural effusion 
(Naffziger, 1924) and external hydrocephalus (Rowbotham, 1942) may at 
times be responsible. These three lesions Have been found also in patients 
whose symptoms were not progressive and whose condition was not 
deteriorating. The lesions appeared to have reached a certain size and 
then remained stationary. In such cases there was anxiety, not about the 
patient’s survival, but about his complete rehabilitation. 

The manner in which these stationary or slowly expanding lesions 
interfere with recovery has been suggested by Trotter (1930). He pointed 
out that any lesion, whether cerebral or extracerebral, which encroaches 
on the “low-tension region ” between the brain and the skull, raises the 
intracranial pressure and interferes with the full normal pulsations of 
the brain: Such interference impedes recovery of a damaged brain. -In 
this series: of cases a halt at some stage of recovery or persistent inter- 
mittent headache has been associated with one or other of these extra- 
cerebral lesions in their. stationary phase. 


; CONCLUSIONS. 

There is no uniformity in the intracranial conditions after closed head 
injuries associated with concussion of the brain. 

Extracerebral lesions are common; even when they do not produce 
progressive or specific symptoms they may modify the course of cerebral 
recovery, and they should therefore be considered in the interpretation 
of clinicab states. 

These conclusions are based solely on observations made at operations 
*.on a small number of patients and must be regarded as provisional. 
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THE REPAIR OF LARGE GAPS IN ‘THE PERIPHERAL NERVES. 
BY F. K. SANDERS. 


(From the Department of Zoology and Comparative Anatomy, Oxford.) 


INTRODUCTION. 


Tue repair of gaps is one of the main problems of the surgery of the 
peripheral nerve injuries of warfare. Immediate suture in war injuries 
is rarely possible owing to sepsis, and after a considerable interval has been 
allowed to elapse to let sepsis clear up and any spontaneous recovery occur, 
exploration frequently reveals extensive damage. to several centimeters 
of nerve trunk, both as a result of the original injury and of subsequent 
scar formation. Resection of the damaged stretch of nerve has therefore 
become a standard procedure (Frazier, 1920; Cairns and Young, 1940), 
and as a result a considerable gap is left between, the stumps, and direct ' 
coaptation with the limb in its normal position is rarely possible. 

There is no doubt that tissue continuity can. be established across such 
gaps by outgrowth from the stumps without any surgical intervention. 
Nerve fibres are able to reach the pertphery via the strand of tissue bridging 
the gap (Kirk and Lewis, 1917; Gutmann and Sanders, 1942), but func- 
tional recovery after such unaided union is a rarity (see Gutmann and 
Sanders, 1942). The reasons for this failure of the vis medicatrix nature 
become clear when considering the factors influencing functional recovery 
following nerve injury and repair. For purposes of analysis, functional 
recovery following nerve injury—in a case uncomplicated: by ischzmia, 
infection, or other extraneous factors, may be regarded theoretically as 
depending upon four main conditions: (a) The number of new nerve fibres 
which reach the periphery; on this will depend, in the case of muscle, the 
number of motor units re-innervated, and thus both the grading of response 
and the maximum contraction attained by the recovered muscle; and in 
the case. of skin sensation, the quality of two-point discrimination, stereo- 
gnosis: and possibly temperature discrimination will all depend upon. the 
profuseness with which the skin is innervated. (b) The speed with which 
the new fibres reach the periphery; the more rapidly this occurs, the fewer 
peripheral elements will have.undergone irreversible degenerative changes, 





282 . F. K. SANDERS 


and the better will be recovery in every respect. (c) The extent to which 
the regenerated fibres undergo “ maturation ” (see Gutmann et. al., 1942). 
So that the same complex of excitation in the centres which called forth 
a response from the muscle prior to the lesion and repair of the nerve shall 
evoke a similar response from the recovered muscle, the stretch of re- 
generated fibres in the nerve trunk must acquire functional characteristics 
appropriate to their connections, excluding such changes as must take 
place at the neuromuscular junction. *Such characteristics include con- 
duction velocity, threshold, and frequency of discharge. These in their 
turn are dependent upon anatomical factors such as fibre diameter, degree 
of medullation, and the extent to which the pattern of fibre sizes within 
the nerve is restored. (d) The extent to which new fibres reach appropriate 
end-organs. This is a factor about which very little is known (see Young, 
1942). Hetero-innérvation and the formation of atypical endings probably 
occurs in all regeneration, but its extent, or the degree to which it may be 
overcome by “ re-education” have never been fully worked out, even in 
man. 


In the unaided union of stumps across a gap few fibres, in spite of 
the axon branching which is a feature of peripheral nerve regeneration 
(Kilvington, 1908; Cajal, 1928; Dogliotti, 1923; Watrous, 1940), will 
escape deviation or obstruction by the scar, and the number of motor 
units re-innervated will be small: growth will be slow, and degenerative 
effects maximal; maturation is likely to fail, particularly if the fibres are 
associated with few or abnormal Schwann cells, and inco-ordination result; 
owing to the absence of any orientated tissue between the stumps, fibres 
will cross the scar in irregular bundles, and shunting will be at a maximum. 

Thus, with reference to the above four conditions, the prognosis for 
recovery after the unaided union of stumps. across a gap is bad, and 
methods have been devised of either bridging or closing gaps, when these 
occur, either from trauma, or the necessity of extensive resection. These 
methods may be classified as follows: 

(1) Bridge operations, in which some sort of bridge is provided to carry 
the new axons across the gap between the stumps, This class includes 
nerve grafts, double lateral implantation, nerve flap operations, suture 4 
distance and tubulization. 

(2) Manipulative nerve operations, in which every means is employed 
in order to achieve end-to-end apposition of the resected stumps. Here 
belong mobilization, transposition, flexion of joints followed by nerve 
stretching, and two-stage operations (bulb suture). 
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(3) Nerve crossing or anastomosis in which a neighbouring intact nerve 
is cut to provide a central stump close to the resected peripheral stump 
of the injured nerve. 


Numerous reviews, mostly by clinicians, have attempted to assess the 
merits of ‘the different sorts of operations listed above, notably those of 
Huber (1895), Powers (1904), Sherren (1906), Eden (1919), Stopford (1920), 
Platt (1921), Naffziger (1921), Stookey (1922), Laduron and Christophe 
(1938): However, no very clear conclusions have emerged as regards certain 
of these procedures, and considerable divergences appear to exist in the 
case of many of them between: the.results of animal experiments and 
clinical experience. This is partly due to the different criteria which 
experimentalists and clinicians apply to their data—the clinician judges 
his cases solely by recovery in the affected part, while the experimentalist 
is often influenced by histological and other criteria, which carry less 
weight in the clinic than in the laboratory. Also there are, in the experi- 
mental literature, very few cases where a comparison of different pro- 
cedures has been made by means of standard criteria, and the clinical 
reports are often brief and hard to assess. 


The object of the’ present paper has therefore been first, to make a 
revaluation of the results of experimental work on these procedures in 


the light of more recent work.’ Sécond, to make a fresh estimate of the 
clinical literature, using, where possible, standard criteria. 


(1) Bripce Operations. 


Bridge operations may be divided into the following types (see text 
fig. 1): 

(a) Nerve grafts (text fig. 1, a,b) in which a bridge of nervous tissue 
is inserted between the cut stumps. They may be either full-thickness 
grafts, where a nerve of equal, or larger, diameter than the host nerve is 
used, or cable transplants, where a graft of equal diameter to the host 
nerve is attained by the use of a bundle of pieces of nerve of small diameter. 
This is the commonest form of graft used in.man, for reasons which are 
explained below. Nerve grafts may be autografts (pieces of nerve from 
the same individual), homografts (pieces of nerve from another individual 
of the same species), or heterografts (pieces of nerve from an individual 
of a different species). Autografts, homografts, and heterografts, may be 
used either fresh, or after various treatments, such as predegeneration, 
storage in various media, or killing by fixation in alcohol or formalin. 
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‘b) Double lateral implantation.—Part of a neighbouring nerve may 
be used as a bridge for the gap in the injured nerve. The operation may 
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Fic. 1.—Bridge operations : (a, b) Nerve grafts—{a) cable graft, (b) full-thickness 
graft. (c) Double lateral implantation. (d) Pedicled graft. (e, f, g) Nerve flaps— 
(e) central stump flap, (f) peripheral stump flap, (g) flaps from both stumps. (h) 
Suture a distance. (7) Tubular suture.. The bracket in each case shows the extent 
of the lesion. 
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be done in one of two ways (text-fig. 1, c, d). The resected stumps may 

be implanted in vertical slits made between the funiculi of the host nerve 

(C), or funiculi in the host nerve may be deliberately cut and used as a 
“ pedicled graft” in the injured nerve (d). 


(c) Nerve flap operations (text4ig. 1, e, f, g) in which a flap is cut from 
either or both the stumps, and is turned to bridge the gap. 

(d) Suture a distance (text-fig. 1, h) where a framework of catgut’ or 
other suture.material is made connecting the separated stumps. This is 
supposed to act as a scaffolding to support the downgrowth of new fibres. 

(e) Tubular suture (text-fig. 1, i). This consists in the insertion of the 
resected stumps into the ends of a tube of some kind. 

There is an éxtensive literature on all of these procedures, both experi- 
mental and clinical. 


Experimental Evidence. 
Netve grafts: 

(1) Autografts.—Pieces of nerve transplanted to fill the gap in another 
nerve in the same animal may become firmly united,with the host nerve 
(Phillipeaux and Vulpian, 1870, confirmed by-a number of authors). The 
graft also retains its nervous structure, at least for a considerable time, 
and undergoes Wallerian degeneration. Sanders and Young (1942) found 
full maintenance of nervous structure 102 days after the insertion of auto- 
grafts into the peroneal nerve of the rabbit. Gutmann and Sanders (1942) 
found that autografts examined 200 days after their insertion in the rabbit 
resembled a normal peripheral stump. Seddon, Young and Holmes (1942) 
also found that in man a cable autograft removed seven months after 
its insertion showed survival of its transplanted tissues, and contained new 
fibres which were undergoing medullation. 


Merzbacher (1905) and Maccabruni (1911) transplanted pieces of ‘rabbit 
or dog nerves either subcutaneously or between the muscle masses and 
found typical Wallerian degeneration. This work was repeated by 
Ingebrigsten (1915), who used the rabbit. He found that the tempo of 
Wallerian degeneration was somewhat slower in -an autograft than in a 
normal peripheral stump, but that the Schwann cells in an autograft under- 
went multiplication as in a normal peripheral stump. Kirschner (1917) 
also found considerable increase in “ glia” in a graft thirty-three days after 
insertion, and Nageotte and Guyon (1916) noticed proliferation of ‘tissue 
from the ends of an autograft transplanted alongside normal nerve. “These 
proliferations were also seen by Young, Holmes, and Sanders (1940). -Thus 
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autografts remain alive and myelin fragmentation and Schwann multi- 
plication go on in them much as in a normal peripheral stump: 

The real test of the efficiency of the autograft, however, lies in its 
capacity to conduct new fibres from the central to the peripheral stump 
of a resected nerve. Unfortunately there are very few comparative studies _ 
of the way in which new fibres grow into nerve grafts. In the dog, v. 
Bungner (1890), confirmed by v. Notthalfft (1893), found fibres in an auto- 
graft at 50 days,,and Bielschowsky and Unger (1917) found’ autografts 
penetrated by new fibres at 45 days. Huber (1919) reports an innervation 
of “up to 2 cms.” in 26 days, while Nageotte (1917) found a great many 
new fibres in a graft at 138 days. In the cat Bentley and Hill (1936) found 
that new fibres grew through a 3 cm. autograft extremely rapidly, and 
at 56, days fibres were found up to 16 cm. from the central stump., Bunnell 
and Boyes (1939) found that grafts of 14, 28, 42 and 63 days’ age contained 
fibres. In the rabbit Sanders and Young (1942) found that, with autografts 
2 cm. long, fibres were found in the graft at 15 days, while at 25 days 
they: had grown some distance into the peripheral stump. Fibres grew 
through these grafts at approximately 2 mm.:a day, compared with the 
35 mm. a day at which they grow into a normal peripheral stump. 

With the relatively thicker grafts in the dog sciatic, Bielschowsky and 
Unger (1917) described a central zone of necrosis, and Maccabruni (1911) 
found that in thick grafts there was a central'zone where degeneration was 
atypical. Also, Bunnell and Boyes (1939) who worked on the whole sciatics 
of cats, found fibres more abundant in the periphery of their grafts. How- 
ever, this central necrotic zone does not appear to occur in small, thin 
grafts (Maccabruni, 1911, Bentley and Hill, 1936; Sanders and Young, 
1942). Vascularization of the centre of the graft of large diameter may 
not occur with sufficient speed to allow proper Wallerian degeneration 
to take place, and the centre of the graft may become necrotic. Rapid 
advance of fibres may be restricted to the periphery of thick grafts, the 
advance of a considerable wave-front of fibres in the centre of the. graft 
being delayed by the accumulation of macrophages removing the necrosed 
tissue. ; ; 

There is, thus little doubt that small thin autografts can survive, 
degenerate, and conduct new fibres across the gap in the nerve into which 
they- have been inserted. The extent to which the paralysed muscles 
recover after autografting has been less fully worked out. In the dog 
Phillipeaux and Vulpian (1870) report a positive motor response to electrical 
stimulation in the muscles of the tongue 71 days after a graft of lingual 
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nerve into the hypoglossal. Kilvington (1908) found similar responses 
103 to 136 days after grafting in the ulnar, median, and popliteal nerves, 
as did Nageotte (1917) 138 days after a 20 mm. graft in the whole sciatic. 
Bentley and Hilk (1936) found this type of recovery 64 to 88 days after 
3 cm. grafts had been placed in the external popliteal nerve of the cat, 
and Ingebrigsten (1916) found it 136 to 166 days after grafts in-the whole 
sciatic of the rabbit. Duel (1933), who used autografts in the facial nerve 
of the rhesus monkey, found the response of the nerve to electrical stimu- 
lation “ improving ” at 119 days. 


Data on the return of cutaneous sensation and voluntary movement in 
animals after autografting are still less complete. Ballance and Duel (1932) 
found amelioration of the signs of facial palsy in baboons, cats and rhesus 
monkeys 128 to 166 days after autografts in the facial nerve. Gutmann 
and Sanders (1942) followed the recovery of a specific reflex (spreading 
reflex) after the insertion of 2 cm, autografts into the peroneal nerve: of 
the rabbit and found recovery took place between 51 and 98 days after 
operation. These times of onset of recovery were of the same order as 
those obtained after end-to-end suture. Nageotte (1917) found a normal 
gait six months after a 27 mm. autograft in the dog’s sciatic, but the animal 
noted still held its paw half-flexed and had “ trophic ” ulcers on its paws. 
The normal gait observed might easily hate been the result of trick move- 
ments. On the sensory side observations are equally incomplete. Huber 
(1919) found “ evidence of sensory regeneration ” but gives no details of 
the analgesic areas on the dog’s- leg immediately after operation, or how 
they diminished as regeneration proceeded. Gutmann and Sanders (1942) 
are the only authors to report detailed sensory studies. After 2 cm. auto- 
grafts in the rabbit, there was complete recovery of sensation to pin-prick 
in the autonomous zone of the skin area supplied by the peroneal nerve 
in only one case, but the majority of their animals were not followed 
for a sufficiently long time to show sensory recovery. Thus there is reliable 
evidence that return of motor function follows the placing of thin auto- 
grafts, but the evidence for ‘the return of cutaneous sensation is less clear. 

(2) Predegenerated autografts —Tello (1911) and Cajal (1928) have both 
suggested that a quicker regeneration would be obtained if autografts were 
not made with fresh nerve, but consisted of “a peripheral stump, -with 
bands of v. Bungner, newly taken from an operated animal, eight to 
fifteen days after the operation.” Cajal thought that as fibres normally 
grew through the peripheral stump at such a great speed compared with 
their rate of progress across the scar, a degenerated peripheral stump 
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would provide a better medium for outgrowth than a piece of fresh nerve. 
Huber (1920), however, found that while autografts degenerated for 20 to 
30 days were equal in efficiency to fresh autografts, they were no better. 
But Duel (1933) in the rhesus monkey, ¢laimed that fibres grew through 
such grafts one and a half times as fast as through fresh grafts. However, 
Bentley and Hill (1936) obtairied a result similar to Huber’s with pre- 
degenerated grafts in the external popliteal of the cat, and this result 
was confirmed for the cat sciatic by Bunneli and Boyes (1939). Sanders 
and Young (1942) found no significant difference between the rate at which 
the fibres grew through a tibial graft degenerated for 6 to 28 days, and the 
rate at which they grew through fresh autografts. 

Thus the evidence of animal experiments suggests that any advantage 
of the predegeneration of grafts does not lie in their more rapid penetration 
by new fibres. It is agreed, however, that predegenerated nerve, by reason 
of its greater firmness, is easier to handle than fresh nerve, and this is put 
forward by Bentley and Hill (1936) to’explain Duel’s results: fibres grew 
better through his predegenerated grafts, because the firmer consistency 
of this type of graft gave better approximation at the unsutured junctions 
in the facial canal. This view is shared by Collier (1940). For mechanical 
reasons, then, predegenerated autografts. aye probably superior to fresh 
grafts in certain situations, such as the facial canal. However, it has been 
shown by Abercrombie and Johnson (1942) that the period between fifteen 
days and twenty-five days after severance of a nerve is the one in which the 
Schwann cells of the peripheral stump show the greatest tendency to wandet 
out of the stump. By reason of this power predegenerated grafts may make 
better junctions than fresh grafts. Indeed Sanders.and Young (1942) 
showed that the latent period before fibres first appeared in the graft in 
predegenerated grafts was 69 days as compared with 9°2 days in fresh 
grafts. * 

(3) Homografts (fresh homografts).—Pieces of fresh nerve transplanted 
to fill a nerve gap in another animal of the same species become united 
with the host nerve (Verga, 1910; Sanders and Young, 1942) like auto- 
grafts, but their behaviour histologically is somewhat different. 

Merzbacher (1905) studied homografts transplanted either subcutan- 
eously or between the muscle masses in dogs and rabbits and found that a 
degeneration, with breakdown of myelin and proliferation of Schwann 
cells took place, though the necrotic zone of the graft was more extensive 
than in autografts. This was confirmed by Maccabruni (1911), who found 
that no necrosis occurred in thin homografts in the first fourteen days 
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after transplantation. A more extensive investigation of the histology 
of fresh homografts is that of Ingebrigsten (1915), who used rabbits. He 
found that the degeneration of homografts was like a delayed Wallerian 
degeneration, but that although the Schwann cells underwent multiplica- 
tion they only survived “some days.” After twelve to fourteen days the 
graft was invaded by lymphocytes, and after eighteen days the cells of 
Schwann became necrotic. But.Eden (1919) found that the ground sub- 
stance of a dog graft examined at 112 days was rich in nuclei, and contained 
tissue debris as well as new fibres, while a graft examined at twenty-seven 
days showed some necrosis. Sanders and Young (1942) investigated fresh 
homografts in the rabbit, and found considerable variability in they 
behaviour. Myelin fragmentation and Schwann cell multiplication do 
occur, but there is also an invasion of lymphocytes and the occurrence of 
patches of necrosis, a process which occurs to a varying extent in different 
cases. In the best cases both the reaction and the incidence of necrosis 
are minimal, a condition approximating to that seen in an autograft, but 
in the less favourable cases the areas of necrosis are considerable, and the 
graft is distended bya mass of lymphocytes which may obstruct the growth 
of new fibres and Schwann cells. Considerable necrosis is, howeyer, less 
common than an intense lymphocyte reaction. Some vascularization of 
the grafts always occurs. 


In spite of these peculiarities in the behaviour of fresh homografts, 
there is no doubt that new fibres gan grow through them. In the dog 
Eden (1919) found the central part of a 2 cm. graft of the ulnar nerve 
penetrated by new fibres in 27 days, while at 112 days fibres had grown 
right through the graft and re-innervated the peripheral stump. Huber 
(1919) also found fresh homografts in the rabbit innervated in 17 to 83 
days. Sanders and Young (1942) found great variability in the distances 
reached in 25 days by new fibres growing into fresh homografts. In 
favourable cases they grew as rapidly through homografts as through 
autografts, but in the less favourable cases the rates of outgrowth obtained 
were much less. 


The return of nervous excitability of the paralysed muscles has been 
reported by some authors. Kilvington (1908) found it in 115 to 134 days, 
and Eden (1919) reported that electrical excitability had returned 
“ partially ” at 112 days im the ulnar intrinsics of a dog. Bentley and Hill 
(1936) found a return of this response 78 to 96 days after homografts in 
the external popliteal nerve of the cat; later (1940) they obtained responses 
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in the extensors of the foot of the rhesus monkey 250 and 500 days after 
a 3-inch graft in the external popliteal. 

Cases of return of voluntary movement after homografts in animals 
have been reported. Ingebrigsten (1916) in the rabbit reported a return 
of true motor function 103 to 273 days after grafts in the sciatic, and 
Huber (1919) in the same nerve, recorded “ return of function in the calf 
muscles in long-term animals.” | Bethe (1916) also. reported a “ success- 
ful” result after homografting in the dog sciatic. Gutmann and Sanders 
(1942) found motor recovery in six out of seven cases after homografts 
in the rabbits’ peroneal nerve. The time of onset of recovery lay between 
70 and 125 days, and the final quality achieved was somewhat less than | 
with autografts. These authors also studied cutaneous sensation. Out of 
six cases, two made complete recovery, two incomplete, and two showed no 
sign of recovery in the‘autonomous zone. 


It is thus clear that fresh homografts are able to conduct new fibres 
across a gap in a nerve in sufficient numbers both to produce a return of ' 
electrical excitability and of niotor function. However, it is probable that 
this recovery is slightly inferior in quality to that obtained with autografts. 
The evidence for recovery of sensation is less complete, but it is certain 
that it can occur, and within the same order of time as with autografts. 

(4) Stored homografts—The use of homografts in surgical practic® 
would be extended by successful storage, for if some means were found 
of preserving grafts whose transplantation would be followed by a gooel 
recovery, large gaps could be repaired with pieces taken from amputated 
limbs, which would remove all practical objections to operations of this 
type. 

Such a method has been used experimentally, the grafts being stored 
in some sterile solution for a time before their insertion into the experi- 
mental animal. Tello (1914) stored nerves at 37° C. in a 09 per cent. sodium 
chloride solution; they did not undergo degeneration, and retained their 
viability for about three weeks; they were then still able after implantation 
to conduct new fibres across a gap in a resected nerve. By contrast, pieces 
of nerve kept in solutions containing the salts of a bivalent metal underwent 
Wallerian degeneration in vitro. Ingebrigsten (1916) also found that 
Wallerian degeneration occurred during storage in Ringer’s or Locke’s 
solutions but not in an isotonic solution of sodium chloride. Eden (1919) 
bridged a gap in the ulnar nerve of a dog with’a homograft kept for three 
days previously in a 0°9 per cent. sodium chloride solution at a low tempera- 
ture. At 110 days he fourd new fibres only in the central end of the 
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graft, and the general histological appearance was unfavourable. The 
graft was not as well united with the host nerve as a fresh homograft, and 
the two scars were very broad: degeneration had occurred only in patches. 
However, Sanders and Young (#942) have obtained encouraging results 
with stored homografts in the rabbit’s peroneal nerve. Grafts were pieces 
of tibial nerve kept for 7, 14, or 21 days in Ringer’s solution at 2° C. Fibres 
grew through grafts stored for all three periods, and occasionally gave rates 
of growth as high as those obtained with autografts. One of the effects 
of storage was a reduction of the lymphocyte reaction (the extent of the 
reaction became progressively less with an increasing time of storage) 
with the result that grafts stored for 14 and 21 days made very clear 
junctions with the host nerve, accompanied by a minimum of criss-crossing 
of fibres. All the grafts contained live Schwann cells,-although fewer than 
in ‘autografts. However, a feature of the grafts stored for 14 and 21 days 
was an excessive penetration by macrophages, which caused some deviation 
of fibres. : 


Gutmann and Sanders (1942) found that motor recovery followed this 
type of graft. Eight cases out of eight recovered, the time of onset varying 
between 61 and 117 days compared with 56 to 85 days after end-to-end 
suture. The quality of recovery obtained was intermediate between that 
of fresh homografts and autografts. On the sensory side, out of six cases, 
one recovered completely, two incompletely, and three failed. 

Bethe (1916) made homografts in the dog sciatic with pieces of nerve 
stored for from 3 to 12 days on ice. After insertion the nerves stored’ for 
the shorter periods underwent active degeneration and became innervated. 

In the rabbit Huber (1919, 1920) investigated homografts stored at 
2° C. in vaseline according to the method suggested by Dujarier and 
Francois (1918), and claimed that they became'as well innervated as fresh 
homografts. In one case innervation was found histologically at 37 days: 
and in animals kept for as long as 155 days, Huber claimed return of func- 
tion in ‘the calf muscles. He also stored grafts for as long as 5 weeks in 
sterile liquid petrolatum, and found that when inserted they became 
innervated. In an animal kept for 276 days after insertion of such a graft 
there was “ return of function in the calf muscles and interossei.” 

In brief, therefore, grafts kept for as long as 12 days on ice, 21 days 
in Ringer at 2° C., or for 5 weeks in sterile vaseline or petrolatum at 2° C. 
become re-innervated and give motor and sensory recovery as good as, 
or better than fresh homografts. Reports of grafts kept in normal saline 
are less hopeful. 
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Finally, Ingebrigsten (1916a) stored nerves in plasma or serum but 

there is no record of the behaviour of grafts stored in this way when 
inserted to bridge a nerve gap. The first stages of Wallerian degeneration 
were found to occur in nerves stored in’ serum, but not in those kept in 
plasma. Nerves transferred to a plasma medium after four days degenera- 
tion in vivo similarly did not go on degenerating. However, in nerves 
of five or more days’ degeneration in vivo, multiplication of Schwann cells 
occurred after explantation in a plasma medium, resulting in the out- 
growth of Schwann tissue from the ends of the piece. This method, if it 
is also accompanied by a reduced cellular reaction on the part of the host, 
might provide almost ideal grafts with abundant Schwann cells (see 
below). 
(5) Heterografts—Gluck (1880) who grafted pieces of dog’s nerve into 
the sciatic of hens, was the first to thake a fresh heterograft in animals. 
However, his work is of no more than historical importance; he cqlaimed 
a return of electrical excitability in 11 days, which could not possibly have 
occurred. Johnson (1882) repeated these experiments, and although he 
found that the graft became firmly united with the host nerve, there was 
no sign of re-innervation after 23 to 34 days. 


Merzbacher (1905) who transplanted pieces of nerve -fram a variety 
of species beneath the skin or between the muscles of other species, stated 
that heterografts do not degenerate, but necrose. Maccabruni (1911), who 
studied grafts of rabbit into.dog sciatics, found that degeneration occurred, 
and was accompanied by Schwann cell multiplication, but that more 
" necrosis occurred in heterografts than in either homo- or autografts. He 
only studied grafts up to the fourteenth day, however. Ingebrigsten 
(1915) found that numerous myelin ovoids were formed in the first five 
days following dog grafts ih the rabbit, but could find no evidence either 
of Schwann cell proliferation, or of proper Wallerian degeneration. ‘The 
grafts underwent necrosis in fourteen days. Cajal (1928) made hetero- 
grafts of cat’s nerve in the rabbit and found that the graft did not become 
united with the host nerve. The myelin was broken up into irregular 
granular masses in no way resembling the myelin ellipsoids typical of 
Wallerian degeneration. Sanders and Young (1942) made heterografts 
of dog’s and rat's nerves in the rabbit, agd of rabbit’s nerve in the dog. 
In the grafts made in the rabbit no proper union of graft and host nerve 
took place. The graft was attacked, especially in the region of the junc- 
tions, by a mass of white cells, while within the graft there was neither 
degenerated myelin nor proliferated nuclei; macrophages did not invade 


' 
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the graft'up the tubes provided by the degenerating axons. Moreover, 
the graft remained unvascularized and became enclosed in a tough fibrous 
capsule. In the dog the state of affairs was somewhat different. The graft 
was invaded by macrophages, which: at 25 days had gone far towards re- 


moving the graft. In this mass there were occasional Schwann bands, 


some of them carrying new fibres. 

As regards innervation Assaky (1886) found in the dog that at 35 to 68 
days there were fibres in the proximal scar but not in the graft, while 
Huber (1895) found new fibres in the graft at 37 days. Forsmann (1917), 
who transplanted pieces of cavy and frog nerve into the dog’s sciatic, found 
a very big cell reaction to these grafts, and that they ) were not penetrated 
by new fibres. Fibres, however, could be found outside the graft. In fact, 
Marinesco (1907) stated that new fibres growing out of the central wunp 
definitely avoid a heterograft, as though it contained an “ antineurotropic ’ 
substance. _ Ingebrigsten (19166) used heterografts i in the rabbit, and also 
failed to find innervation in any of his grafts. Such a graft “n’était 
pénétré par aucune axone.” Huber (1919, 1920) also found an unsatis- 
factory innervation of heterografts; “ many of the downgrowing neuraxes 
pass(ed) outside the nerve transplant and thus reached the distal segment.’ 
Sanders and Young (1942) also found that new fibres grew into hetero- 
grafts only in very small numbers, and for very short distances. 

Nevertheless, despite the histological behaviour of heterografts, and 
the apparent difficulty of their penetration by new fibres, motor recovery. 
after heterografting has been reported. Kilvington (1908) recorded a return 
of, electrical excitability in the dog. Huber (1895) in a dog opened at 117 
days found conduction to just below the wound. In addition, he claimed 
a return of. cutaneous sensation to pin-prick 39 days after heterografting 
in the dog, and complete motor recovery in five cases in 136 to 182 days. 
This sensory recovery is much too early to be due to actual growth of 
sensory fibres down the severed nerve, and the motor recovery is not 
sufficiently well. documented to exclude trick movements. However, 
Blondin (1928), whose animals were studied by the neurologist Alajouanine, 
reported a return of electrical excitability nine months after fresh hetero- 
grafts of rabbit nerve in the dog sciatic, and demonstrated histologically 
that both graft and peripheral stump.contained new fibres. 

However, in the rabbit Ingebrigsten (1916b) noted a complete absence 
of return of electrical excitability, motor function, or sensation, and this 
is confirmed by Huber (1920), who studied animals as late as 382 days. 

Thus the. whole problem. of fresh heterografts remains somewhat 
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obscure. The histology of degeneration is atypical, the prognosis for 
innervation is bad, yet a number of recoveries have been reported. Perhaps 
a clue lies in the fact that these reports of recovery are confined to the 
dog, in which the graft is rapidly removed by’ macrophages, the graft 
being replaced by a process analogous to the “ creeping substitution ” 
described for bone grafts by Gallie and Robertson (1919). The bed of 
macrophages replacing the graft may form some sort of scaffolding for 
proliferations growing out from the stumps, which will eventually meet, 
and through which innervation may occur. In the rabbit, the capsulation 
of the graft precludes innervation of the peripheral stump except by fibres 
growing round the graft. 


(6) Stored heterografts—Duroux (1911) made a heterograft in the dog 
sciatic with a piece of cat’s nerve that had been kept for twenty-four hours 
on ice, but it compared unfavourably with even a fresh heterograft. Eden 
(1919) grafted into the dog’s sciatic a piece of human nerve kept for three 
weeks in isotonic salt solution at 37° C. At 110 days the dog had a severe 
ulcer on its foot, and showed no motor recovery. Histologically, the graft 
was connected to the two stumps by broad connective tissue strands, and 
the central stump was bulbous. Fibres had penetrated the first third of 
the graft, but no more, and there was much criss-crossing and turning 
back of fibres in the central scar. None of the specific tissue of the graft 
was left. Huber (1919, 1920) in the rabbit, used heterografts of dog’s 
nerve stored at 2° C. in liquid petrolatum: but in animals kept up to 138 
days there was no evidence of recovery. ; 

(7) Dead nerve grafts (alcohol-fixed grafts)—Nageotte (1917) made 
grafts into the dog’s and rabbit’s sciatic of nerves fixed in 90 per cent. 
and kept in 50 per cent. alcohol until twenty-four hours before use, when 
they were transferred to Ringer’s solution. He claimed that after these 
grafts the gait eventually became, normal, that there was an absence 
of “ trophic ” ulcers, and that the volume of the paralysed muscles returned 
to normal. No details are given, however, of the functional recovery in 
individual muscles or skin areas. Huber (1919) in the rabbit, found dead 
grafts of this type to become innervated. In eight animals kept for over 
three months there was “some.” return of function in the calf muscles. 
Sanders and Young (1942) have found that in the rabbit, alcohol-fixed 
grafts do not become innervated, but are progressively removed by macro- 
phages attacking from the ends and also from the sides. Subsequently, 
the bed of macrophages is. invaded by Schwann cells from both stumps 
and nerve fibres growing out from the central stump. These proliferations 


‘ 
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meet as the graft is progressively removed, and it is through them, and 
not through the graft, that innervation of the peripheral stump occurs. 

- Nageotte (1917) also tried alcohol-fixed heterografts: of calf nerve in 
the sciatic of the dog. With grafts preserved by the above method he 
claimed a return of electrical excitability in 138 days, and in another graft 
of alcohol-fixed rabbit nerve found the graft richly innervated at 35 days. 
Later (1919), he found that 67 days after grafts of dead calf nerve in 
dogs, muscular atrophy was less than in end-to-end suture, while in animals 
at eight, ten and twelve months after operation there was a. return of 
“ motilité” and “ agilité.” Guyon, Nageotte and Tournay (1920) found 
more large fibres below such a graft than below an end-to-end suture, 
while Guyon (1921), who made grafts of dead calf nerve in the dog’s sciatic 
found that in animals kept for more than six months “ il ‘ne restait plus 
aucune defectuosité apparante de la motilité: les animaux avaient repris 
leur agilité coutoumiére.” In animals kept for more than four months 
“la marche de nos animaux était redevenue satisfaite.” Sweet (1929) 
however, reinvestigated these grafts in the dog. The grafts themselves were 
not re-innervated, but progressively removed hy macrophages. New fibres 
grew around and not through the grafts. Gutmann and Sanders (1942) 
made four of these grafts. “Two only recovered motor function after 126 
and 142 days, that is to say much later than with any other type of graft, 
and in the same order of time as recovery across a gap by the unaided 
union of stumps. Motor tecovery was finally .of a very poor quality, and 
sensory recovery failed. 

Huber (1919, 1920) made grafts of alcohol-fixed dog nerve in the rabbit, 
and found no recovery of any sort. Some downgrowth of fibres did occur, 
but this was small in animals up to 154 days after grafting. Guyon, 
Nageotte and Tournay (]920) also failed to find recovery after alcohol- 
fixed grafts in the rabbit. 

Alcohol-fixed grafts do not remain, but act as 
(see below), and recovery cannot be expected to be more than mediocre. 
Nageotte and his collaborators seem to have studied only ttanverse 
sections of their gtafts, and so may have mistaken an innervated Schwann 
outgrowth for a graft which had already disappeared. 

(8) Dead nerve grafts (heterografts of fixed spinal cord)—Gosset and 
Bertrand (1937, 1938) introduced a new type of nerve graft of rabbit or 
cat spinal cord fixed in formol and stored in 50 per cent: alcohol. This type 
of graft they claimed to be fully neurotized in the dog, and to give a return 
of electrical excitability in six weeks. However, Sanders and Young (1942) 
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who studied this type of graft in the rabbit (using rat spinal.cord) found 
that it gave the most unfavourable reaction of any type of nerve graft. 
It became completely enclosed in a tough capsule, inside which it was 
attacked by giant cells; there was no penetration by new fibres and those 
that were not turned back ‘by ‘the proximal scar grew down outside the 
graft capsule. In the rabbit the prospects of recovery after this type of 
graft are even worse than after alcohol-fixed grafts. The state of affairs 
may be different in the dog, but it seems unlikely that these grafts function 
in any other way than as “ replacement” grafts and must be considered 
to have the disadvantages of alcohol-fixed grafts. 

(9) Double lateral implantation.—As has been mentioned above, this 
operation may be. performed in one or two ways: (a) by the implantation 
of the resected stumps into longitudinal slits made between the funiculi 
of the host nerve, or (6) by cutting some funiculi of the host nerve centrally 
and peripherally, and suturing the resected stumps to the cut surfaces 
of the segment of nerve so isolated. This point is stressed because hardly 
any distinction is made in the literature between these two types of opera- 
tion, whereas their differences are actually profound. In type (a), if the 
opération is done properly, the milieu for the outgrowth of new fibres 
from the central stump of the resected nerve*is the epi- and perineurial 
connective tissue of the host nerve, an environment which contains no 
Schwann cells. It is thus unlikely to be a medium for the outgrowth, of 
new fibres superior to the Schwann tubes of an.autograft. In type (b)/a 
segment of nerve, with, its vascularization preserved, is provided to carry 
the fibres across the gap between the stumps. In fact Joyce (1920) has 
recognized the similarity of this operation.to a nerve graft operation and 
has suggested renaming it “pedicled neurovascular transplantation.” 
Unfortunately he failed to distinguish between types (a) and (b) above, 
and it is only (b) which can rightly be termed a'pedicled graft. 


The confusion in the nomenclature of this operation is not restricted 
to confusion between types (a) and (b) above.- It was originally devised by 
Létiévant (1873) under the title of “ greffe nerveuse,” which title is shared 
with the operation of peripheral stump implantation, which is really a 
partial nerve crossing. ‘ Sherren (1906) combined clinical statistics of double 
lateral implantation with those of peripheral stump implantation under 
the heading of “nerve anastomosis.” Ballance (1924) and Ballance, 
Colledge, and Bailey (1926) were the first to separate it as a definite class 
of operation termed “double lateral implantation,” but failed to distin- 
guish types (a) and (5) above. Indeed, both the experimental and clinical 
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literature is frequently not explicit as to which type of this operation*was 
performed. Moreover, funiculi in the host nerve are very often acci- 
dentally cut in the type (a) operation, and receive fibres from the host nerve. 
Here it is proposed to restrict the term “ double lateral implantation” to 
the type (a) operation, and to refer to type (b) as “ pedicled nerve grafting.” 
They will be treated separately as far as the literature permits. 


. 


_ Kilvington (1908) made a pedicled graft of part of the internal into 
the external popliteal nerve in two dogs, and obtained partial recoveries. 
He found, however, that electrical stimulation of the stumps of both 
internal and external popliteal produced contractions in both the flexor 
and exterisor groups of muscles, indicating that there were now fibres 
from both central stumps innervating both peripheral stumps, and/or that 
fibres growing out of both central stumps had branched, and that separate 
branches of the same nerve fibre had innervated antagonistic muscle fibres. 
Branched fibres were also found histologically by Sachs and Malone (1922). 
These authors performed double lateral implantation of external into 
internal popliteal in eighteen dogs, and claimed full functional recovery 
in all of them. However, the fact that they found branched fibres indicated 
that funiculi in the internal popliteal were cut during the operation. 
Ballance (1924) made double lateral implantations of median. into ulnar, 
musculospinal into median, and external into internal popliteal nerves in 
the rhesus monkey, and claimed that “although there is still weakness 
and some wasting, there is almost complete recovery of motor power in 
the limb of all three monkeys... . . about two and a half months after 
the experiments had been done.”. Three further experiments (external 
into internal popliteal, median into ulnar, and ulnar into median_nerves) 
were: also made. In the case of the arm nerves, the hand appeared to 
become functionally “normal” within six months. In the third experi- 
ment “this monkey is no longer lame, but climbs about in a normal 
manner.” All three animals recovered electrical excitability in four to 
five months. Ballance, Colledge arid Bailey (1926) investigated both 
double lateral implantation and pedicled grafting in the rhesus monkey 
and the cat, but made no definite statement as to the superiority of either 
operation. They noted, however, that in- double lateral implantation, 
faradic stimulation of either central stump always produced a mixed flexor 
and extensor response, while aftet pedicled grafting, stimulation of, the 
central stump of the resected nerve produced an unmixed motor effect. 
‘They doubted, however, whether this was true-of all cases of this opera- 
tion. Histologically, confusion of fibres from the two nerves was found 
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in both types of operation. In fact, in the experimental literature, there 
seem to be no cases of double lateral implantation where the operation 
has been performed as theoretically conceived, i.e. without damage to the 
fibres of the host nerve. 


One argument for the use of pedicled as opposed to free grafting is 
that the cut funiculi are never deprived of their blood supply, and a more 
uniform, as well as a more rapid, innervation should result. Indeed this 
does seem to be the case. Sanders (unpublished) found that new fibres 
grow through pedicled autografts as rapidly as through a normal peripheral 
stump, compared with the slightly lower rate at which they grow through 
autografts. However, this advantage is outweighed by two major dis- 
advantages which apply to double lateral implantation and to pedicled 
grafting when performed without lifting the cut funiculi away from the 
host nerve; (1) the existence of confusion and branching of fibres shows 
that there will always be ‘associated movements, and the part of the 
association due to branched fibres will probably never become totally dis- 
sociated; (2) the funiculi cut purposely in pedicled grafting and accidentally 
in double lateral implantation may consist of motor fibres already segre- 
gated into a definite path destined for.a definite muscle or muscle group. 
Thus there is a chance, amounting almost to a ceftainty, that permanent 
damage will be done to the host nerve by either operation, and the partial 
recoveries recorded by Ballance (1924) and Kilvington (1908) indicate that 
this is indeed the case. This is the major objection to these operations, 
and the reasons why they are rarely employed in man. In addition it is 
only rarely that a situation is met with in which they can be performed. 

(10) Flap operations.—This type of operation was devised by Létiévant 
(1872). In order to bridge a gap in a nerve, a flap is split off from either 
the central or the peripheral stump, or both, and sutured either to the 
untreated stump, or to the second flap (see text-fig. 1, e, f, g): These opera- 
tions were investigated experimentally by Huber (1895). In dogs 5 to 6 cm. 
gaps in the ulnar nerve were closed by means of flaps cut from either the 
central or the peripheral stump. In dogs examined between 64 and 147 
days after the operation there was no return of either electrical excitability, 
sensation, or motor function. Histologically, the flaps showed no evidence 
of regeneration. Wallerian degeneration was slower than in fresh auto- 
grafts, and “ in sections through the regions of the down-turned flaps, the 
collapsed sheaths, containing a small quantity of nucleated protoplasm, 
were found.” Guttmann (personal communication) has used peripheral 


and central stump flaps to bridge gaps in the tibial nerve of the rabbit. 
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He found that such flaps became innervated, but that they were extremely 
adherent to the surrounding tissues, and that fibres grew through them 
only with difficulty. And Stookey (1922) has pointed out that in central 
stump flaps “a definite number of down-coursing neuraxes are permanently 
destroyed in proportion to the width of the flaps.” Flaps cut from the 
peripheral stump “deprived the peripheral nerve of a proportion of its 
conducting paths ”; flaps cut from both stumps combined the disadvantages 
of both. Although the experimental evidence is so meagre, it is unanim- 
ously bad, and in view of the bad clinical record of these operations sid 
deserve very little consideration. 

(11) Suture a distance'.—Assaky. (1886) was the first to bridge a gap 
in a nerve by means of a framework of catgut, designed to act as a scaffold- 
ing for the down-growth of new axons. In all five experiments performed 
by him, where a gap of 3 cm. was bridged, new axons were found in the 
bridge and in the peripheral stump. Vanlair (1894) bridged gaps of 3 cm. 
by this means in the dog and found a return of sensation to pin-prick in 
the pads of the foot. Huber (1895) bridged defects of 4 to 6 cm. in the ulnar 
nerves of seven dogs in this manner. In three animals observed for over 
100 days, one, at 136 days, showed a return of electrical excitability (sensory 
reflexes, presumably) 3 in. below the scar, while another at the same time 
showed no such recovery. In a third animal at 152 days Huber reported 
“complete return of function in the ulnar peripheral stump.” Verga 
(1910)-also claimed good results with this method, using silk or catgut 
sutures. Huber (1920) reinvestigated this procedure, using the ulnars of 
thirteen dogs. In eleven the sutures gave way, in the other two there was 
down-growth to the. peripheral stump. Guttmann (personal communica- 
tion) sutured the tibial nerve of rabbits by this means, and found, that while 
tissue continuity was established, innervation of the peripheral stump 
across ‘the wound was extremely slow. 

The experimental evidence of this procedure is thus inconclusive. But, 
as Stookey (1922) has pointed out “ when down-growth must depend upon 


| This term is used in the literature to describe both those operations in which 
a bundle ,of non-living fibres is inserted between the cut stumps (Assaky, 1886; 
Huber, 1895), and those in which a small number of sutures is used merely to 
preserve the alignment of the cut stumps (Vanlair, 1894). In the first. type the 
process of re-innervation of the peripheral stump resembles that following “ replace- 
ment” grafts, in the second it must be those concerned in the unaided union of 
stumps. The literature is rarely clear which type of .operation was performed, and 
‘as the processes of regenération in ,both cases is very similar (see Gutmann and 
Sanders, 1942) they are not separated heré. Text-fig. 1, h shows the first of these 
operations. 





300 F. K. SANDERS 


the haphazard formation of an intervening scar scaffolding, too ape 
a network for successful down-growth is provided.” 


(12) Tubular suture—In this operation a nerve gap is bridged by means 
of some sort of tube, the resected stumps being inserted into the ends of 
the tube and sutured there. A great variety of materials have been used 
to make such tubes, but only a few of them.investigated experimentally : 
decalcified bone (Gluck, 1880; Vanlair, 1892; Huber, 1895); fresh and 
formolized artery and vein (v. Bungner, 1891; Foramitti, 1904); fascia lata » 
(Kirk and Lewis, 1915). 

Gluck (1880) inserted a decalcified bone tube between the cut ends* of 
the sciatic nerve of a.hen, and found that only ‘connective tissue continuity 
was established. This experiment was repeated by Vanlair (1892) who 
found that innervation of the tissue formed within the tube occurred. 
Huber (1895) bridged 3 to 7 cm. gaps in the ulnar nerves of seven dogs 
with decalcified bone tubes. Only three animals were kept alive for more 
than 120 days, and in all three he claimed there was some regeneration. 
Histologically, the tubes were innervated, but the fibres were much more 
tortuous near the peripheral stump. Huber attributed this to the fact that 
the connective tissue at the lower end of the tube had more time in which 
to grow dense and so obstruct the down-growing fibres before their arrival 
at the other end of the tube. 

v. Bungner (1891) bridged a gap in the sciatic nerve of a dog with a 
segment of human brachial artery, and claimed successful regeneration. 
However, the gap was small enough to have healed‘spontaneously. Fora- 
mitti (1904) also bridged gaps of up to 2'4 cm. in the deg’s sciatic by means 
of arterial tubes. He used fresh artery and artery fixed in formalin, and - 
found that the fixed material was much more resistant to absorption than 
the fresh artery. Nageotte (1915) also noted the disadvantage of fresh 
arterial tubulization; he found that fresh artery or vein was liable to become 
adherent both to the nerve and to the scar, and that axons were able to 
grow through the walls of fresh vessels into the surrounding ‘scar. Huber 
(1919) inserted formolized arterial tubes into dog’s ulnars on seventeen 
occasions, and studied the bridges histologically at periods ranging from 
4 to 298 days. He found tliat such tubes set up relatively little reaction, 
and remained in the tissues for at least six months without being absorbed. 

Eden (1917) modified the procedure with regard to blood-vessel tubuliza- 
tion. He implanted the cut stumps of the femoral nerve of a dog laterally 
into the femoral artery or vein, and claimed that re-innervation of the 
peripheral stump occurred when the blood flow was allowed to continue, 
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but that when the vessel was tied off, r¢-innervation did not occur.” Such 
a fantastic procedure is not practicable surgically, either on account of the 
improbability of a neighbouring blood-vessel being available for sacrifice, 
or the danger that thrombosis might result. 

Kirk and Lewis (1915) used tubes of fascia lata to bridge gaps in the 
sciatic nerves of dogs. Animals were killed at times varying from one day 
to sixteen and a half weeks, and they found that, if haemorrhage was 
prevented within the tube, down- -growth occurred to the peripheral stump. 
However, the fascial tube tended to contract on the merve, which in man 
would be likely to cause pain. This could be avoided by making the 
diameter of the fascial tube at least twice that of the nerve. Contraction 
would thus (theoretically) reduce the lumen of the tube to that of the 
nerve, but no further. But such a wide gaping tube would almost certainly 
be invaded by connective tissue, and is hardly likely to succeed clinically. 
In fact (see below) it was given a considerable trial by Platt (1919) and 
found to be an unqualified failure: 


Other varieties of tube have been tried clinically, and are described 
below. It is hard to see, however, how tubulization can be superior to the 
unaided processes of union of stumps in the absence of scar in the nerve 
bed, as all it can do is to protect the outgrowth from the stumps from 


strangulation by the scar. In any case it must be mferior to any method 
that provides a milieu of live Schwann cells for the out-growth of new fibres. 


Summary of the Experimental Results of Bridge Operations. 


It has been shown experimentally that there are considerable differences 
between the results of various bridge operations. Nerve grafting or double 
lateral implantation seems definitely to be superior to-the other procedures. 
The reasons for this superiority, however, become clear when these opera-_ 
tions are examined in the light of the four conditions controlling functional 
recovery mentioned above (see p. 281). A bridge will be most effective 
when its structure is such that (a) it is rapidly penetrated by new fibres; 
(b) the stretch of fibres in the peripheral: stump and within the bridge is 
able to undergo maturation; (c) there is minimal shunting of fibres within 
the bridge. Therefore, ideally, a bridge should combine the function 

of maximuny permeability to new fibres with an ability to protect them 
from the obstructive effects of the extraneural scar: it should exert some 
orientating influence upon the new fibres, so that they travel in parallel 
columns; and it should favour maturation of the fibres within it. The 
various bridge operations described fulfil these conditions to different 
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degrees. In general, they may be divided roughly into two classes: (a) 
Those which proyide orientated live Schwann cell columns, down which 
large numbers of fibres can grow and become mature, without undergoing 
extensive shunting within the bridge, thé out-growing fibres being guided 
by contact with the Schwann ‘columns (see Weiss, 1941b; Young, 1942). 
The presence of the Schwann columns thus imposes an orientation on 
the out-growing fibres; (b) Those which provide some form of artificial 
scaffolding, down which, or the tissues-replacing the scaffolding, the new 
fibres and Schwann cells can grow in a regular manner. 


Autografis undergo degeneration and come to contain live Schwann 
cell columns. They approximate closely to the ideal bridge, but thick 
graft’ may contain patches of necrosis which deviate fibres. Homografts 
also undergo degeneration and contain live Schwann cells, but the situation 
is less ideal‘ than in autografts, since the patches of necrosis are much 
more extensive, and the whole process of degeneration is probably com- 
plicated by the cellular reaction of the host tissues to homografted nerve: 
Both auto and homografts can be followed by sensory and motor recovery 
in animals, although the recovery is probably better in autografts. Pedicled 
autografts undergo degeneration, and probably conduct fibres as effectively 
as a. normal peripheral stump, but the extent to which fibres branch and 
exchange between the two nerves at the junctions is unknown. It is also 
impossible to control the extent of the damage to the host nerve, and the 
importance of intraneural plexuses with reference to this procedure has 
been entirely neglected. For instance, in, a long graft the funiculi cut to 
receive the upper junction may ‘not be the same. as those cut to receive 
the lower, which will have-a profound influence on the functional result! 


Heterografts and dead nerve grafts do not degenerate, and are replaced 
by the host tissue. They are thus examples of ‘the scaffolding type of bridge 
where the tissue replacing the scafigiding forms a basis to support the out- 
- growing fibres. Another example of the replacement scaffolding type is 
seen in suture @ distance. Here a bed for the out-growth of new fibres 
is provided by the relatively open scar left after absorption of the artificial 
suture scaffolding, but any Schwann cells which the bridge may contain 
must migrate into it from the two stumps. These cells are unlikely to be 
as numerous as when the bridge originally contained Schwann cell columns, 
as in autografts, and so innervation is likely to be less profuse, in addition 
to the possibility that the new fibres may not undergo complete maturation 
in this unfavourable environment. 


A scaffolding type of bridge in which the scaffolding is not replaced 
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is seen in double lateral implantation, but this procedure has never been 
fully investigated experimentally. Funiculi in the host nerve have invari- 
ably been cut at operation, and the result has been complicated by the 
presence of out-growing fibres from the host nerve. However, the inter- 
stitial tissue of the host nerve does not contain Schwann cell columns, and 
it is difficult to see what advantages it could offer as a medium of the out- 
growth of nerve fibres, compared with the Schwann tubes of an autograft. 

Tubulization merely serves to protect the out-growing tissues from the 
obstructive effects of the extraneural scar. Apart from this it has the 
same prognosis for recovery as the unaided union of stumps across a gap. 
Indeed, the actual method of union in the two cases is identical (Kirk and 
Lewis, 1917; Gutmann and Sanders, 1942). 

Nerve flaps are universally condemned by experimentalists. Their 
degeneration is abnormal, and the method involves sacrifice of part of the 


nerve. 

On the experimental evidence, then, the most promising procedures 
are aiito and homografts, fresh or preserved. The prognosis for pedicled 
grafts or double lateral implantation is less well known, but on the whole 
not favourable. Heterografts, fixed grafts, nerve flaps, suture a distance, 
and tubulization appear to be definitely inferior procedures, and should be 


discarded. 


Clinical Evidence. 

The clinical results of bridge operations are notoriously more difficult 
to assess‘than the experimental. End-to-end suture is always the operation 
of choice, and the cases of bridge operations are always those which for 
some reason (length of gap, situation, &c.) could not be closed by end-to- 
end suture. These lesions are caused by a variety of traumatic agents, 
acting upon different nerves at different levels, and are accompanied by 
a varying amount of damage to other tissues. Thus it may be very difficult 
to find two strictly comparable cases where different procedures have been 
applied, and therefore useless to apply to-clinical cases the same standards 
by which experimental data may be judged. At any’rate, no, such accurate 
comparisons have been made in the past. Moreover, clinical reports 
frequently do not mention the nature of the graft used (for example, in 
the case of autografts, whether it was a cable or a full-thickness graft) 
or give details of the method by which it was inserted. Both of these are 
factors which may profoundly influence recovery. 

The ultimate criterion of the clinician is recovery, and the method used 
by most authors in the compilation of clinical statistics has been to classify 
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their cases under such headings as “ recovered,” “ recovering ” or “ failures ” 
(Souttar and Twining, 1918) or “ Bedeutend gebessert,” “ gebessert,” and 
“ ungebessert ” (Wexburg, 1917). Unfortunately authors rarely state what 
exactly are conditions that a case must fulfil to merit inclusion in one of 
these classes. Moreover, cases of bridge operations are often so briefly 
reported as not to constitute data to which rigid criteria may be applied. 
For example, the earlier reports (see Sherren, 1906) frequently take such 
a form as “the patient was quite well as’ regards the use of his hand.” 
Such a report indicates that the final result as regards the patient was good 
—which is what is ultimately required of a surgical procedure, but tell us 
very little about the actual recovery, which may not have been genuine, 
but imitated by trick movements or sensory overlap. 


In the present paper an attempt has been made to apply definite criteria 
to the clinical cases of bridge operations. Thus many cases, where there 
is insufficient documentation, or which have not been followed long enough, 
have been omittéd. Even so, some cases have had to be included on very 
slight documentation, in order to obtain any body of clinical data at all. 
Where this has been done, the less reliable cases are noted in the text. 

The clinical results of the various bridge operations have been classified 
under only two headings, except where the documentation is sufficient to 
merit a third. These classes are: 

(1) Unimproved, where there is no evidence of either sensory or motor 
recovery. 

(2) Improved, where there is, to quote Stookey (1922) “ definite’ evidence 
of regeneration as indicated by some return of tone, some voluntary move- 
ment . . . or by some return of sensation.” 

Autografis (fresh autografts)—The earliest case of a fresh autograft 
followed for a sufficient time, and reported in enough detail to admit of 
classification is that of Dean (1896). Since then a considerable number of 
autografts have been made in man. Unfortunately many of the reports 
do not specify either the nature of the graft or the way in which it was 
made, and it is possible that some of these cases cannot be included as 
examples of true autografting. In some cases the report is sufficiently 
detailed to enable a distinction to be made. For example, the fifteen cases 
of Platt (1919), on which the antipathy of British surgeons to nerve grafting 
is so largely based, show such a uniform lack of success that some explana- 
tion must be sought for them if they are to be considered as autografts. 
Each of Platt’s grafts “ was in all cases of smaller calibre than the recipient 
nerve, and was sutured to the cross-section of the proximal and distal ends 
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with fine catgut . . . the whole area was surrounded by an autogenous 
fascial sheath, obtained in most cases from the fascia lata of the thigh. 
This tube, after closure, was distended with sterile vaseline.” Since the 
graft was of smaller calibre than the host nerve, it could not provide 
opportunity for outgrowth of all its fibres. The graft was surrounded 
by olive oil or vaseline and a fascial tube, procedures suggested by the 
work of Kirk and Lewis (1915) but which cannot, in the light of later work, 
be considered likely to provide a good pathway for new fibres. These 
grafts were re-examined by Stopford (1920) and Platt (1921) and were 
found to resemble connective tissue strands. Thus, in these cases, failure 
can be ascribed to so many factors besides failure of the grafted tissue 
to survive and act as a bridge for new fibres, that they are best excluded 
from any discussion of autografting on the grounds that they are not auto- 
grafts in the strictest sense, but a combination of autografting and tubul- 
ization. 


Table I shows the results of 101 cases, where as far as can be ascertained 
“true” autografts have been used, i.e. grafts which allow opportunity for 
outgrowth of all or most of the fibres of the host nerve. 


Tasie I.—ReEsvuLts of AUTOGRAFTS IN MAN IN WHICH THE STATE OF RECOVERY 
IS VARIOUSLY REPORTED. 


Total number Number 

Author and date of cases improved 
Cahen (1917) 7 
Eden (1917) 
Dean (1906)... 
Schmidt (1917) 
Charrier (1918) ° ales 
Gosset, Thomas, and Levy- 

Valenzi (1918) $d 
Souttar and Twining (1918)... 
Auvray (1919) : bed 
Copland (1920) 
Swan (1919) . 
Joyce (1919-20) pe pa? 
Gosset and Charrier (1922) 
Stookey (1922) Sis 
Frazier (1920) see 
Delageniére and Tinel (2) 
Bunnell (1927) mS 
Tinker and Tinker (1937) 
Foerster (1934) Ss 
Bunnell and Boyes (1939) 17, 


Total 401 


1 
3 


9 
2 
1 
3 
2 
5 
6 
i 
2 
3 
4 
3 
7 
7 


wwe 


FS 8 
Coron “OrsInNwewh 
_ 


a) 


% 
~ 


Out of these cases eighty-three showed some improvement and only 
‘eighteen can be classified as definitely unimproved. Thus some improve- 
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ment after fresh autografting is found in 82:2 per cent. of cases. The 
statistical value of the various cases in Table I is, however, very unequal. 
For example, the: cases of Joyce (1919), Foerster (1934) (given in detail in 
Foerster, 1929), and Bunnell and Boyes (1939) are carefully documented, 
while those of Charrier (1918) and Delageniere (1924) are very briefly 
reported and are more difficult to assess. Thus the cases classified as 
“improved” in Table I probably contain a wide variety of degrees of 
recovery—from cases in which there was only a little sensory recovery 
to cases in which the result approached as near normal as can be expected 
after end-to-end suture. Unfortunately owing to the brevity of the majority 
of reports,’ it is impossible to split up the “ improved ” cases into further 
classes—say, “ markedly improved” and “ slightly improved,” except in 
the relatively small number of cases in which the report is sufficiently 
detailed. These more carefuly studied results are shown in Table II. 


TABLE II.—RESULTS OF AUTOGRAFTS°IN MAN IN WHICH THE STATE OF RECOVERY 


IS MORE CAREFULLY REPORTED. 


. Total Number Number 
number of markedly slightly Number 
Author and date cases improved improved unimproved 


Bunnell and Boyes (1939) ... 17 13 4 
Foerster (1934) aye ee 19 5 12 
Swan (1919)... 7 bios 2 2 


Joyce (1919-20) ‘as ie 7 
Bunnell (1927) “Fe ae" 1 
Stookey (1922) rae ae 4 


Total | 50 25 21 

Table IL shows that out of fifty reliable cases forty-six showed some 
recovery, and out of these twenty-five a markedly improved recovery. 
This is a very high proportion of markedly improved recoveries, almost as 
high as that obtained after end-to-end suture (e.g. success in 70 per cent. 
of sutures of the musculospiral nerve (Lewis, 1920), but it must be 
remembered that grafting is not attempted except in the case of extensive 
lesions or where end-to-end suture has proved impracticable, and thus any 
bridge operation which is followed by any recovery, however slight, in such 
a high proportion of cases is worthy of consideration. However, the cases 
of all the authors in Table II were either cable grafts, or thin grafts in 
digital nerves. The efficacy of thick autografts in man is not settled. 

Further striking examples.of the value of small, thin autografts are 
seen in those cases in which grafts have been used to bridge gaps in the 
facial nerve, in an effort to restore normal facial expression and movement 
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following facial palsy. None of the cases of this operation is included 
in Tables I and II. Unfortunately detailed statistics are not available 
on the results of these grafts (which were first used by Ballance and Duel 
(19326), but such reports as are available indicate a high proportion of « 
success. Duel (1933) mentions forty cases in which fresh autografts were 
used to bridge gaps in the facial nerve, and although he gives no statistics 
of success or failure, the impression gained is that the proportion of 
markedly improved cases must be high. Morris (1939) quotes forty-six 
cases. Not all of these were grafts, as he fails to separate grafts and decom- 
pressions, but it is important to note that out of all these cases there were 
only four failures, two’of which could be ascribed to other causes than 
the failure of the graft. All the other cases showed complete or partial 


recovery. 


There can thus be no. doubt that small, thin, autografts are followed 
by clinical recovery in a high proportion of cases. The extreme pessimism 
of British surgeons on the whole subject of nerve grafting (see B.M.C. 
Report, 1920; Sargent, 1920; Stopford, 1920; Platt, 1921) seems hardly justi- 
fied. The indications are that in certain definite situations autografts 
may be of considerable value. 


Predegenerated autografts.—Predegeneration was first used clinically 
by Ballance and Duel (1932b). The only clinical cases available are those 
in which predegenerated pieces of nerve have been yised to repair gaps in 
the facial nerve. Duel (1933) mentions 30 cases, and again (1936) 120 
cases in which this procedure was used and was followed by rapid recovery, 
but gives no statistics of success and failure by which the value of pre- 
degenerated autografts may be compared with fresh grafts. Cawthorne 
(1937) gives 5 cases, all of which recovered, and, Kisch (1937) 2 cases which 
were markedly improved. McArthur (1938) also reports a single case with 
a marked improvement. | Collier (1940) reports 15 cases, in which there 
were 9 markedly improved recoveries. Of the 6 failures, she regarded three 
as being due to inadequate approximation of the graft with the severed 
stumps. Thus, out of 20 cases, there were 17 markedly improved recoveries, 
a very high proportion of success. 


Homografts.—Albert (1885) was the first to make a fresh homograft, 
but he did not follow his case for a sufficient time to see any recovery. 
Since then, fresh homografts have been used rarely.in man. The results 
of 42 cases of fresh homografts are shown in Table III. 
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‘TABLE II1I.—RESULTS OF FRESH HOMOGRAFTS IN MAN IN WHICH THE STATE OF 
RECOVERY IS VARIOUSLY REPORTED. 


. Total number Number Number 
Author and date of cases improved unimproved 


Mayo Robson tena he 1 
Ward (1896)... i, fc - 
Lexer (1917)... 

v. Lobenhoffer (1917)... 

Burk-(1917) _.. 

Dujarier and Francois (1918) 

Delageniére (1924) 

Duel (1934) 


Total 42 : ~ 34 

These cases show that out of 42 homografts there were only 8 cases 
which were proved to show any improvement. Of these, 3 were those of 
Duel (1934) and were thin grafts in the facial canal. Of the others, which 
were all full-thickness grafts, there were only 5 recoveries out of 39. 30 
of the 42 cases in Table III, however, as in the cases quoted by Laduron 
and Christophe (1938), were those of Dujarier and Francois (1918), which 
are very briefly reported. Any conclusion based on Table IIIT must thus 
be largely based upon the work of these authors until further evidence 
is available, and the matter cannot be considered as in any way settled. 

Such clinical evidence as is available, therefore, indicates that in man 
fresh homografts are less successful than autografts. There are indications, 
however, that small thin homografts are capable of being followed by 
recovery, at any rate in the facial nerve. But homografts do not appear 
to have been tried out seriously, and there has been no attempt to correlate 
the blood-groups of donor and host, which might be essential for the 
success of such a graft. 

Stored homografis.—Storage of homegrafts has also been used clinically. 
Rehn and Hasslauer (1916) and Spielmeyer and Hohmann (1917) both 
made grafts of nerve stored on ice according to the method of Berthe (1916). 
Both of Rehn and Hasslauer’s cases, and all 11 of Spielmeyer’s were failures. 
No other storage procedure appears to have been tried, clinically. 

Heterografts.—Only fresh heterografts have been tried clinically. The 
results of 38 cases are shown in Table IV. 


TABLE [V.—RESULTS OF FRESH HETEROGRAFTS IN MAN. 


Total number Number 
Author and date of cases improved 


Sherren (1906) met os tj 
Vogt (1909) - 


1 
Gosset and Charrier (1922) 2 ° 
Stopford (1920) aes Aas 1 - 
Gosset (1923) j 10 3 
Thomas and Petit-Dutaillis 

(1930) if 


Total 
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Of these cases only 11 are claimed to show any improvement. There were 
20 failures. Unfortunately, as in the case of fresh autografts, the value 
of the reports is unequal. One of the cases quoted by Sherren (1906) has 
been omitted as it was included as a failure after only five months’ observa- 
tion. On the other hand, some of these cases of Sherren’s included as 
“ successful ” in his statistics have only the report that after eight years 
the patient was “quite well as regards the use of his hand.” Some of the 
failures reported by Sherren are observed after a long time, e.g. the case 
of Powers (1904), in which there was no recovery after eight years. 

In general the statistics of Table IV bear out the experimental evidence. 
Recovery. may be possible after heterografting in man, but the quality 
of this recovery is unknown, and the known cases are not fully documented, 
the date of most of the reports being early. Also heterografting is followed 
by no recovery in a high proportion of cases. 


Dead grafts, (alcohol-fixed heterografts)—Alcohol-fixed heterografts_ 
prepared according to the method of Nageotte (1917), seem only to have 
been used in man by French and Italian surgeons in the repair of injuries 
from the war of 1914-1918. Table V shows the results: 


TABLE V.—RESULTS OF ALCOHOL-FIXED HETEROGRAFTS IN MAN. 


, Total number Number Number 
Author and date of cases improved unimproved 


Sencert (1918) 5 Las rage ae 
Jalifier (1920) ... 2 ea ) 4 
Walther (1920) $5 + 2 - 
Duval and Guillain (1921) ... 1 
Chiasserini (1923) Me ta 2 
Gosset and Charrier (1922) ./. 
Lerich¢ (1923) bia id 
Delaginiére and _  Tinel 

(1924) “i 
Vargas (1925) 
Jiuanu (1927) 
Cadenat (1931) 


Total 142 26 116 


Of these 142 cases only 26 were claimed to show some improvement: 
there were 126 complete failures. However, as in the case of some of the 
other types of nerve graft discussed above, the relative value of the different 
reports is not the same. For example, the 40 cases of Sencert (1918) and 
the 32 cases of Gosset and Charrier (1922), are not followed so completely 
as some of the others. Nevertheless, even if these less reliable cases are 
omitted from the schedule, the other results show a high. proportion 
of complete failures—out of 76 cases only. 21 showing any improvement, 
with 49 failures. 
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This poor result from alcohol-fixed heterografts in man is to be ex- 
pected, if these grafts behave as the experimental evidence seems to indicate. 
If it is true that the tissues of these grafts do not become incorporated in 
the host, and the collagenous tubes of the graft “ révivifiées ” by an invasion 
of host nuclei, as Nageotte (1918) thought, but act by being replaced by 
out-growth from the cut stumps, they will form a very. precarious bridge 
for carrying new fibres.across a badly-scarred area, and their use will be 
followed. by correspondingly poor recoveries. From the clinical evidence 
above, this indeed seems to be the case. 


Dead grafts (heterografts of fixed spinal cord).—The only known clinical 
cases of this procedure are those reported by Gosset and Bertrand (1937, 
1938): In their 1937 paper they report 12 cases, mostly of old injuries. 
In one, an 1] cm. graft in the radial nerve, they report dorsal extension 
of the wrist in two months, and in one year hyperesthesia of the radial 
area accompanied by congiderable power (whether voluntary or in response 
to faradic current they do not state) in m. supinator longus and the 
extensors of the wrist. In a second case, a 5 cm. graft in the median 
nerve, opposition of the thumb returned in two and a half months, while 
in five months the “ electrical syndrome of recovery ” in the median was 
indisputable. The third case; a graft in the sciatic nerve in the popliteal 
space, showed “ considerable ” recovery in three months. The very rapidity 
of these recoveries makes one suspect the validity of their tests for recovery. 
In the 1938 paper the number of cases is brought up to twenty-seven, of 
which they state four to have been followed for a long enough time— 
the others were either lost sight of or not yet followed for, a ¢ufficient time 
to admit full recovery. In these four cases estimates were made of the 
changes in chronaxie shown by the paralysed muscles both upon direct 
stimulation of the muscles and stimulating via the nerve, and on this 
evidence Gosset and Bertrand class them all as recoveries. No report is 
given of sensory recovery or of any return of voluntary power. These 
cases therefore can only be very doubtful evidence of the success of this 
type of graft. The experimental evidence indicates that fixed grafts are 
replaced by the tissues of host and the recovery after these grafts is unlikely 
to be superior to that following the use of alcohol-fixed heterografts. 


Double lateral implantation.—Previous to Joyce (1920}, @ouble lateral 
implantation was always combined with other implantation operations in 
clinical statistics, and in many cases it is impossible to disentangle the 
reports. This operation is still confused with pedicled grafting, and separate 
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statistics for the two operations cannot be obtained from the data as they 
stand at present. Some fourteen cases of one or the, other procedure, 
however, are noted below. Dziewonski (1906), Erlacher (1914), Wexburg 
(1917) all report single cases in which improvement occurred after double 
lateral implantation. Also Cahen (1917) reports a case in which consider- 
able improvement occurred after this operation. Souttar and Twining 
(1918) report three cases; two in which there was some improvement, and 
one failure. Joyce (1919, 1920) gives an account of five ulnar cases which 
were followed for a sufficient time to admit of some recovery. In one, a 
case operated by Ballance, there was an improvement. In none of the 
others did any change take place which could be classified as improvement 
by the standards adopted. Two cases, however, to quote Joyce (1920) 
“showed recovery of protopathic sensation in the ulnar area, and faradic 
response in the ulnar intrinsics, without voluntary action, in twenty-four 
months.” On the above standards, however, they are failures, as are the 
other two which Joyce classifies as “ doubtful recoveries.” 


Three further cases are those of Ballance (1924). Two showed con- 
siderable improvement, and in the third the report states of the patient 
that after six years “for all purposes he had a useful hand.” This case 
must be omitted for want of more precise évidence. 


Thus, out of fourteen cases, there are nine improvements and five 
failures, which indicates that this operation cart be followed by functional 
recovery. But most of the above authors omit to state whether permanent 
damage was done by the operation to the host nerve, and this is the really 
important point with regard to the choice between this and any other 
bridge operation. Joyce (1919) mentions a case of double lateral implanta- 
tion of ulnar into median in which there’ was a “ protopathic ” sensory 
recovery in the median area in twenty-four months. This shows initial 
damage to the median, although it may have recovered later. Also Stop- 
ford (1920) although he failed to distinguish in his statistics between double 
lateral and other implantation operations, investigated a total of seven 
cases of ulnar injuries in which there was no recovery, and in all of which 
there was damage to the host nerve (the median). Other evidence as to 
whether the host nerve suffers damage in this operation, is, however, lack- 
ing, but the experimental evidence (see zbove) indicates that it is probably 
always the case. 


Nerve flaps.—The clinical cases of nerve ‘flap operations have been re- 
viewed by Stookey (1919), who found that out of all the cases’ published 
BRAIN—VOL. LXV. 22 
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up to 1914 (some twenty-three), there was no single one that gave any 
evidence of recovery. On this evidence he suggested that the operation 
should be discarded, and it is now rarely used. Charrier (1918), Frazier 
(1920), and Babcock (1927) also condemn this procedure. . From the experi- 
mental evidence it is seen that little recovery is to be expected. 


Suture a distance.—As regards suture a distance, casés have been re- 
corded clinically in which recovery is alleged to have occurred. These 
reports are, however, too meagre to allow any statistics to be compiled. 
Stopford (1920) examined ten cases of this operation, all of which were 
failures. As Frazier (1920) states, this operation, in common with the 
‘ nerve flap operation, “ belongs to the history of peripheral nerve surgery.” 


Tubulization.—Tubulization has been used quite extensively, especially 
by German surgeons, and a great variety of materials has been used to 
make tubes; besides those varieties investigated experimentally (see 
above), magnesium tubes (Payr, 1900), gelatine (Lotheisen, 1901), casein 
tubes treated with formalin (Auerbach, 1915), arterial tubes filled with 
_ agar (Edinger, 1915) and rubber tubes filled with serum (Steinthal, 1917) 
were used. Magnesium tubes were found to be rapidly absorbed and to 
break up into small fragments, lacerating the tissues. Lotheisen (1901) 
on the basis of four cases, found the gelatine tubes to be too rapidly absorbed 
to be useful in man. Edjnger’s agar tubes, both empty and filled with 
serum, were most often used. Spitzy (1917) used agar tubes in eleven cases 
without any recoveries, while Blencke (1917) reports twenty-eight cases 
of this type of tube in which there was not a single recovery. Further 
adverse evidence is that of v. Enderlen and Lobenhoffer (1917), Muller and 
Berblinger (1917) and Spielmeyer (1917). 


Fascia lata tubulization has been used by Denk (1914). Out of thirteen 
cases, necrosis of the tube occurred in two and what was the proportion 
of the recoveries is not clear from the report. In one case of Kredel (1915) 
in which fascia lata tubulization was used to bridge a sciatic defect, con- 
traction of the fascia occurred, causing pain. Platt (1919) used ten fascial 
tubes and one of fresh vein. All of these were re-examined by Stopford 
(1920), and found*to have given no recovery. 

” . 

Tubulization thus seems to be an unqualified failure in man. Since the 
experimental evidence is also adverse, it has become an outmoded opera- . 
tion. 
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Summary of the Clinical Results of Bridge Operations. 


Clinically, the most successful bridge operations are autografts, con- 
firming the general conclusion of the experimental evidence that nerve 
grafting is superior to the other procedures examined. Autografting in 
the small nerves of the hand, or in the facial nerve, has been followed 
by a high proportion of recovery; in other situations the evidence is less 
conclusive. The experimental evidence is also borne out by the clinical 
results of nerve flaps, suture a distance and tubulization. All three opera- 
tions have given very poor clinical recoveries; in fact, in the cases of nerve 
flaps and tubulization no single recovery seems to have been noted. 
Homografts seem to be less successful clinically than the experimental 
evidence would indicate. Most of the homografts used in man have been 
full-thickness grafts, however, while the success of autografts has .been 
especially with thin grafts. For obvious reasons, there are no records of the 
clinical use of full-thickness autografts with which to compare the homo- 
graft results. By contrast, there are indications that thin homografts 
may be successful in man (Duel, 1934): Thus it is probable that, to be 
successful in man, homografts must not exceed a certain diameter, becatise 
necrosis in larger grafts is sufficiently extensive to interfere with functional 
innervation of peripheral structures. In any case, the clinical statistics 
of homografts in man are very incomplete, and the matter cannot be 
considered as in any way settled. 


The use of both fresh and alcohol-fixed heterografts in man seems only 
rarely to be followed by recovery. 


Double lateral implantation and pedicled grafting have not been 
separated in clinical statistics. In addition, all double lateral implantation 
operations have probably involved sevérance of fibres in the host nerve. 
It is probable that clinical recovery follows both procedures, but the opera- 
tion almost certainly involves damage to the host nerve. This damage 
may not be irreparable, and the operation may be of use in certain limited 
situations (see Frazier, 1920). 


MaAnIPuLATIVE NERVE OPERATIONS. 


Manipulative nerve operations include all the procedures employed to 
achieve end-to-end suture of nerve stumps when they are separated by a 
gap. The following may be classified as manipulative nerve operations: 
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(1). Mobilization, in which the nerve is ,freed from the surrounding 
tissues for a considerable distance both above and below the lesion. - This 
is a routine procedure in most nerve sutures, but in the closure of gaps 
mobilization may include stripping up and even sacrifice of motor branches, 
which, by their tension, prevent the approximation of the stumps. 


(2) Transposition, in which the stumps are brought. closer together by 
moving the nerve into a shorter course.. This is only possible in the case 
of nerves which do not normally follow the shortest possible path between 
the limb plexus and their end-organs; e.g. ulnar, musculospiral and ex- 
ternal popliteal nerves in man. 


(3) Nerve stretching.—This procedure includes two types of stretching : 
(a) passive stretching; in which the stumps are approximated by passively 
stretching the nerve and the suture made under tension; and (b) post- 
operative stretching, in which the stumps are brought together by means 
of a suitable alteration in limb posture (e.g. elbow flexion in median nerve 
lesions in the upper arm), and the nerve stretched subsequently to the 
operation by slowly returning the limb to its original position. 


(4) Bone resection, in which the gap between the stumps is diminished 
by resecting a segment of bone, thus shortening the whole limb. 


Such procedures are not normally employed independently of one 
another. In closing a particular nerve gap a combination of procedures 
is chosen suited both to the size of the gap and the anatomical situation 
of the injured nerve. The so-called two-stage operation or bulb suture 
(see Naffziger, 1921) is such acombination. At the first operation the nerve 
is extensively mobilized without resection of the end bulbs, and every 
measure (transposition, limb posture) is employed to overlap the bulbs. 
They are then sutured together, if necessary under tension (passive stretch- 
ing) and the stretching completed by slowly changing the limb posture. 
When the change is complete the nerve is exposed at a second operation, 
and the bulbs resected. The gap left is closed by a second mobilization 
and post-operative stretching. In extensive lesions it is recommended (see 
Babcock, 1927) that the operation be extended a third or even a fourth 
stage, the stumps being gradually brought closer together in successive 
bouts of post-operative stretching. 


Various authors have estimated the .extent of the gaps which can be 
closed by the above procedures in different peripheral nerves. The various 
estimates are summiarized in Table VI. 
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Tas.e VI.—EstTIMATE OF THE AMOUNTS BY WHICH NERVE GAPS CAN BE CLOSED BY 


Author 
Frazier — 
(1920) 
Naffziger 
(1924) 

lospiral) 


2 cm. (median) 
3 cm. (sciatic) 


Stiles and 
Forrester 
-Brown 
(1922) 


(all arm 
nerves) 


(all leg 
nerves) 


Babcock 
(1927) 


nerves ”’) 


Swan (1941) 


Mobilization 


3 cm. (ulnar) 
2 cm. (muscu- 


1 in. (2-5 cm.) 


2 in. (5 cm.) 


3 cm. (“ any 
of the long 


Transposition 


1-5 cm. (ulnar) 
2 cm. (muscu- 
lospiral) 


1-2 in. (2-5-5 cm. 
(ulnar) 


7 cm. (ulnar 
when _  com- 
bined with el- 
bow flexion) 

7 cm. (median) 

3-4 cm. (muscu- 
lospiral) 


Various MANIPULATIVE PROCEDURES. 


Postural change 

7-8 cm. (nerve or 
joint unspecified) 

Elbow flexion—7 cm. 
(median), 6 cm. 
(musculospiral), 5-5 
cm. (ulnar after 
transposition) 

Knee flexion—7 cm. 
(sciatic) 

Adduction shoulder 
1 in. (2-5 cm.) in 
median, ulnar, mus- 
culospiral, musculo- 
cutaneous 

Elbow flexion—2 in. 
(5 cm.) to median, 
transposed ulnar ; 
1 in. (2-5 cm.) to 
musculospiral 

Elbow extension—1 
(2-5 cm.) in-:ulnar 
when not trans- 
posed 

Wrist . flexion—1 in. 
(2-5 cm.) in median 
and ulnar 

Knee flexion—2 in. 
(5 cm.) in sciatic 

Plantar flexion of 
ankle—1 in. (2:5 
cm.) in post. tibial 

Rotation of head. to 
opposite side—2 cm. 
in radial 

Elevation and Ad- 
duction shoulder— 
7-9 cm. in radial 

Elbow flexion — 5-7 
cm. radial, 5 cm. 
in median 

Elbow extension—1-2 
cm. in ulnar 

Wrist flexion—4 cm. 
in median or ulnar 

Hyper-extension of 
hip—2 cm. in 
sciatic 

Knee flexion—10 cm. 
in sciatic 

Foot dorsiflexion—4 
cm. in ant. tibial 

Extension and ab- 
duction foot—4 cm. 
in post. tibial 


Flexion wrist—\} 
in. (2-75 cm. in 
median 


Totals 


10 cm. (ulnar) 

10 cm. (musculo- 
spiral) 

9 cm. (median) 


10 cm. (sciatic) 


Median—4} in. 
(11-25 cm.) to 64 
in. (16:25 cm.) 
when motor 
branches sacrificed 
Ulnar—3} in. (8-75 
em.) to 5 in. (12°5 
cm.) when trans- 
posed ‘ 
Musculospival—3 in. 
(7-5 cm.) 

34 in. (8-75 cm.) to 
4 in. (10 cm.) if 
transposed 

Sciatic — 4 in. (10 
cm.) 
Post-tibial—4-6 in. 
(10-15 cm.) 


Brachial 
114 cm. 

Radial in arm—15 
cm: 

Radial in forearm— 
104 cm. 

Ulnar in arm—16 
cm. 

Ulnar in forearm, 
124 cm. 

Median in arm—15 
cm. 

Median in forearm— 
23 cm. 

Sciatic—14 cm. 


plexus— 


(7-5 cm.) in 
any nerve by mobi- 
lization and pos- 
ture. 

Ulinar—6 in. (15 
cm.) 


3 in. 
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It will be seen that the various estimates agree fairly well, although 
those of Babcock (1927) are rather higher than the rest. The striking fact 
which emrerges from Table VI is that gaps of 15 to 16 cm., which previously 
were thought to be irreparable except by bridging, can be closed by mani- 
pulative procedures. Indeed, the ease with which end-to-end suture can 
be achieved across large gaps by these methods has led many authors 
(Naffziger, 1921; Platt and Bristow, 1924; Babcock, 1927) to recommend 
a complete rejection of all bridge operations, and the use only of manipula- 
tive ‘procedures. However, there are certain well-defined situations, 
namely (a) the nerves of the hand; (b) the limb plexuses; and (c) the 
temporal canal (facial) where the closure of gaps by manipulative opera- 
tions is extremely difficult. In the case of the nerves of the hand, mobiliza- 
tion in the region of the wrist itself is difficult,’ while in the hand the 
existence of branches precludes ‘any extensive gain in length by this method. 
Transposition is not possible in this situation, nor is postugal change at all 
effective. In the plexuses mobilization is also difficult, as is the mainten- 
ance of postural change (rotation of the head and adduction of the shoulder 
in brachial plexus lesions), especially with partial lesions. In the facial 
nerve in the temporal canal, postural change is obviously out of the 
question. These, then, are situations in which bridge operations are the 
operation of choice. Moreover, though on theoretical grounds it is to be 
expected that end-to-end suture will give a functional result superior to 
any bridge operation, the extent to which manipulative procedures interfere 
with the processes of regeneration as they normally follow direct end-to- 
end suture, is still uncertain. There is some evidence that violent measures, 
such as an extreme degree of nerve stretching, have an adverse effect. 
Unfortunately, the evidence of the literature as to the effect of these 
procedures is extremely meagre. 


Evidence of the Effect of Manipulative Procedures. 
Mobilization.—It has been claimed that extensive mobilization of nerves 
is followed by ischemic changes as a result of interference with blood 
supply (Leriche, 1940). However, the blood-vessels: supplying the peri- 
pheral nerves run with the nerves, entering and leaving the nerves only 
at intervals. Moreover, the vascularization is extremely profuse and a 
well-developed collateral circulation is present.’ Thus it is likely that quite 


1 Since this article went to press an excellent review by Adams (1942, J. Anat. 
Lond. 16, 323) on the blood supply of nerves has appeared. He demonstrates that 
although the blood supply of a nerve is fundamentally regional, an extensive longi- 
tudinal arterial pathway also exists. 
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extensive mobilizations may be made without serious consequences to the 
blood supply. Indeed, most clinicians are agreed that mobilization of 
nerves in man is not followed by ischemic changes L se Babcock, 1927; 
Bristow, 1941)s 


Transposition.—There is a total lack of experimental evidence on this 
problem, although some clinicians view it with suspicion. Babcock (1927) 
‘writes “ rerouting (transposition) is the most severe of the procedures used, 
and should not be employed if simpler measures will suffice.” Babcock 
states this procedure results in some cases in damage to the muscular 
branches, and in the case of the musculospiral nerve considers the damage 
to the branches to m. biceps to be so severe as to render transposition an 
undesirable operation: for this nerve. However, he makes no attempt to 
show whether this damage was a result of the transposition, or ‘of the 
subsequent post-operative stretching, with which it is usually combined. In 
any case, the gain in length achieved by transplanting the musculospiral 
nerve (see Table VI) is so small as to makg this procedure hardly worth 
while in the case of this nerve. Other authors (Stiles and Forrester-Brown, 
1922; Platt and Bristow, 1924) do not share Babcock’s objections to trang 
position, and in Britain transposition has become a_ routine “procedure 
in ulnar nerve repair. In the absence of further evidence, the matter 
cannot be considered as settled. 


Nervé stretching.—Post-operative nerve stretching was first used for 
closing nerve gaps during the war of 1914-1918. Quite extensive gaps were 
closed in this way (see Table VI) and there is no doubt that recovery of 
function took place in a great many cases (see Forrester-Brown, 1921). 
However, it is well known that the results of end-to-end suture in war cases 
fall very far short of the results of nerve repair in civil injuries (see. Bristow, 
1941), and it is not known whether the discrepancy is due partly to the 
effects of nerve stretching besides the complications introduced by scarring 
and delay of operation. Moreover, since most of the clinical records do not 
give the size of the gap closed, it is impossible to’ ascertain whether any 
correlation exists between severity of stretching and poor quality of 
recovery. 


In addition the experimental evidence is extremely poor. Baron and 
Scheiber (1917) placed silver clips above and below the suture line with 
the limb in flexion, and noted the behaviour of the clips by X-ray examina- 
tion during post-operative stretching. The clips moved distally along the 
limb, at the same time as moving apart slightly, showing that stretching 
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was taking place throughout the stretch of nerve in which the suture line 
lay. This operation has been further investigated in the dog by Highet 
and Sanders (1942), who found that nerves stretched most between the 
suture line and the extending :joint, although some elongation occurred 
proximally. : 

The results of passive nerve stretching give some indirect evidence of 
what may occur in postural stretching. At the end of the last century’ 
stretching of uncut nerves was used to procure relief from pain in certain 
nervous. afflictions (see Fenger and Lee, 1881; Takimoto, 1916-1917) 
although the procedure has since become outmoded. In this connection 
a humber of experiments on passive nerve stretching have been made. 


Weir Mitchell (1872) was the first to draw attention to the tolerance 
of the peripheral nerves to slow passive stretching. He quotes an experi- 
ment of Tillaux on the nerves of fresh corpses, in which the sciatic nerve 
was found to bear a weight of 108 to 116 lb. without rupturing, while to 
rupture the median and ulnar nerves under similar circumstances required 
a force of 40 tc 50 Ib. Similar observations have been made by other authors 
(see Takimoto, 1916-17, for summary). When the nerves were progressively 
stretched by increasing forces, the median and ulnar nerves increased in 
length by 15 to.20 cm. before parting. Baron and Scheiber (1917) found 
that when the nerves of the arm in corpses were stretched progressively 
by loads of 5-10-15 kg. they increased in length by 5-7-10 per cent. in 
proportion to the loading; in the sciatic loads of 10-20-30 kg. gave increases 
of 2-3-5 per cent. “Stretchability ” was directly proportional to the cross-’ 
sectional area of the nerves, and after stretching the nerves returned almost 
to their original length. Greater loads than the above tore the nerves. 


However, as Weir Mitchell (1872) pointed out, it is more important 
to know “how far this extension may go without loss of physiological 
properties in the portion stretched.” To elucidate this point Mitchell 
made experiments on rabbits and frogs: “ the sciatic nerve of a rabbit was 
separated from the point of exit down to the knee; it was then cut across 
at the highest level and attached to a string, which passed over a little 
roller and carried a pan on which weights were placed. The nerve was 
then tested by mechanical and electrical irritation, and, having been found 
to respond, weights were placed on the scale-pan, and these, together with 
the amount of stretching of the nerve, were noted. In this, and in other 
experiments on frogs, it seemed to me that the nerve bore best the slow 
addition of a weight, which, when suddenly added, caused an abrupt loss 
of physiological properties. As the extension was increased the muscles 
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were thrown into a state of irregular convulsive activity, which did not 
cease altogether when the nerve was for a time allowed to relax. Slight 
mechanical injuries ceased to cause reaction when the nerve was elongated 
to the extent of one-fifth, but electricity still produced muscular contrac- 
tion until the lengthening was equal to 34 in. in 3 inches.” There is no doubt 
that sudden stretching can produce lesioris of the peripheral nerves. Trac- 
tion-lesions are one of the most frequent nerve injuries, e.g. birth palsies. 

Takimoto (1916-1917) made a histological investigation of the results of 
passive nerve stretching in rabbits, and found that sudden, severe stretching 
of the sciatic nerve with an artery clamp caused segmental break-up of, 
axons and myelin, bleeding, hyperemia, tearing of connective-tissue 
bundles, and widening of the lymph spaces in the epi- and perineurium. 
Wallerian degeneration followed in the interrupted fibres. As a result of 
a study of the clinical literature Takimoto found that nerve stretching 
could frequently be followed by a complete motor paralysis and sensory 
analgesia in the peripheral distribution of the stretched nerve, or else a 
sensory analgesia without motor impairment, and that this depended upon 
the amount of tension applied. There was no case of motor paralysis in 
the absence of sensory changes. He concluded that relief of pain following 
nerve stretching was due to the interruption of sensory axons. : 

From these experiments it appears that sudden nerve stretching may 
be followed by degeneration of fibres in the stretched nerve. The only 
experimental evidence that a somewhat slower stretch is less damaging is 
that of Weir Mitchell, and his rate of stretching was much greater than 
that applied clinically. Nevertheless, it appears that a certain amount of . 
slow nerve stretching is possible without damage to the nerve. In leg- 
lengthening operations for the correction of contractures in rheumatoid 
arthritis the nerves in the calf may be lengthened by as much as 3 cm. 

‘in six weeks’ stretching without the appearance of sensory or motor 
disturbances (Seddon, personal communication). 

The times taken over nerve stretching in post-operative stretching vary 
with different authors. Platt and Bristow (1924) recommend gradual 
postural change, complete in two to three weeks; Stiles (1921) recommends 
two months as the time to be taken over this postural change, and Babcock 
(1927) used an extension of 2 degrees a day, a joint flexed 90 degrees being 
fully extended in forty-five days. In the case of end-to-end suture all 
surgeons insist on an initial period of rest before any postural change is 
made with the limb fixed in the position in which suture was effected, so 
that firm union may take place.at the suture line before any strain is put 





+ 
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upon it. The time taken for union is not known, and the rest period recom- 
mended varies. with different authors from seven days (Babcock, 1927) to 
six weeks (Stiles, 1921). In the case of bulb sutures where’the bulbs are 
united by firm through-and-through sutures the rest period is omitted, 
and postural change begun directly after operation. 


If we omit the rest period, which is intended solely to avoid rupture 
of the suture line, it will be seen that the only difference between passive 
and post-operative nerve stretching is one of degree. Damage undoubtedly 
occurs after passive stretching, but it is not known what happens when the 
estretching is spread out over a period of time. Pain is minimal if the nerve 
is stretched slowly, as “ pain experienced by the patient when tension is put 
on the nerve is a useful indication as to the rate at which the extension 
of the flexed joint should be proceeded with” (Stiles, 1921), and thus 
stretching can» presumably be accomplished without rupture of a large 
number of sensory fibres. However, it is uncertain to what extent damage 
to other structures (viz., blood-vessels) accompanies nerve stretching. Bab- 
cock (1927) has pointed out that the elasticity of nerves “is greater than 
the elasticity of the accompanying blood-vessels, as shown by the marked 


‘ 


tortuosity of vessels attached to nerve trunks in the vicinity of joints, which 


is largely lost as normal movement puts the nerve under tension.” But 
mobilization and postural change must straighten out these tortuosities 
at operation, so that there is a possibility that further postural change will 
cause the intraneural vessels to rupture. Indeed Stookey (1922) reports 


two cases of bulb suture where cross-sections of the bulbs resected after 
post-operative stretching showed loss of normal pattern in the proximal 
stump with a great increase of perineurial and endoneurial scar tissue far 
above the level of the lesion, and strongly condemned stretching the nerve 
beyond its normal laxity in any way. Stookey thought the scar tissue 
formation was due to intraneural bleeding. There is thus a possibility that 
damage to the nerve may occur during post-operative stretching, and 
Highet and Sanders (1942) found that such damage did occur in the dog 
after closing considerable gaps. Similar changes were found in man by 
Highet and Holmes (personal communication). 


The limiting factor in post-operative stretching is probably the amount 
of tension and not the time taken. Highet and Sanders (1942) found in the 
dog that the amount of damage produced by post-operative stretching was 
the same whether stretching was’ spread over fourteen days or allowed to 
take place quickly through the animal’s own movements. Another indica- 
tion that this is the case is given by the fact that stretches which produced 


. 
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rupture of fibres (Weir Mitchell, 1872} caused a much greater relative 
extension of the nerve, and were thus.caused by greater forces in propor- 
tion to the size of the nerve, than those (leg-lengthening operations) in 
which there were no ill-effects. Until the maximum extension that a nerve 
can undergo without damage is known and whether a nerve so stretched 
remains.permanently under tension, or undergoes “ growth ” and so regains 
its normal laxity, the true position of nerve stretching in the repair of 
large gaps must remain vague. 


Bone resection.—This is an extremely radical procedure. It is rarely 
performed except where there is already damage to the bone necessitating 
its resection, such as ununited fractures. Although there were a number 
of cases of this procedure in the last war, it is on the whole viewed with 
disfavour. Swan (1941) writes: “the only condition in which I consider 
this justified would be in a case of a musculospiral nerve with ununited 
or malunited fracture of the humerus, and even in this event I consider 
it better surgery to carry out the operation on the bone and leave the 
operation on the nerve until a subsequent occasion. If the fracture of the 
humerus has been due to a gunshot wound there is a risk of recurrent 
sepsis when the operation is carried out on the bone . . . I would condemn 
at once any attempt to shorten the bones of the forearm or in the leg.” 


Summary of the Effects of Manipulative Procedures. 


There is no doubt that manipulative procedures have very great value 
in the repair of nerve lesions. Mobilization enables considerable approxi- 
mation of stumps to be made, and is not followed by severe damage to 
the nerve. The value of transposition and nerve stretching is less certain. 
There is little knowledge of the extent to which it is safe to stretch a 
regenerating nerve, and the results of very severe stretching may be inferior 
to those of other procedures such as nerve grafts. Bone resection is too 
radical a procedure to use except as a last resort. 


NERVE CROssING. 

The operation of nerve crossing may be performed in one of two ways 
(see text-fig. 2): (1) total nerve crossing (text-fig. 2, a), where a nerve running 
close to the injured nerve is entirely severed, and its central stump sutured 
to the peripheral stump of the injured nerve; (2) partial nerve crossing 
(text-fig. 2, 6), whefe part only of the neighbouring nerve is cut to provide 
a central stump tg suture to the peripheral stump of the injured nerve. 
As Stookey (1922) has pointed out, this procedure also includes the opera- 
tion of peripheral stump implantation (text-fig. 2, c), “ true” implantation 
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involving placing the implanted stump between the funiculi of the host 
nerve, and implantation of a peripheral stump alone in this way obviously 


Fic. 2.—Nerve crossing: (a) Total nerve crossing. (b) Partial nerve crossing. 
(c) Peripheral stump implantation. The bracket in each case shows the extent of 
the lesion, and the dotted lines the original course of the crossed: nerves. 


could not result in regeneration. Regeneration has been obtained in this 
operation, however (see Sherren, 1906), and must be due to axons growing 
out from funiculi in the host nerve that were accidentally cut at the time 
of operation. Peripheral stump implantation is thys a partial nerve cross- 
ing, and the limitations of that operation must apply to it. 

The classical experiment on nerve crossing is that of Flourens (1842), 
but the operation has since been shown to be successful by a number of 
authors. Clinically, it has also been followed by functional recovery (see 
Sherren, 1906; Stookey, 1922; Ballance, 1924; Ballance and Duel, 1932). 
In fact there is little reason to doubt that a certain Amount of functional 
recoyery occurs after most nerve crosses. But as Stookey (1922) has pointed 
out “the problem is not really one of regeneration, since downgrowth of 
neuraxes will occur provided the mechanics of suture are technically satis- 
factory, but is rather one of functional correspondence, and the relative 
physiological expense of losing a nerve. Extensive lesions of the peripheral 
nerves frequently occur in parts of the body (e.g. upper and lower extremi- 
ties) where no one of the neighbouring nerves is sufficiently unimportant 
to be sacrificed, which limits the number of situations in which this opera- 
tion can be performed. It has, however, been used with considerable. 
success in the repair of the facial nerve, though even here has been largely 
replaced by nerve grafting. In fact, the chief interest of the operation 
of nerve crossing is that its results are those of a procedure in which there 
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is an extreme amount of hetero-innervation—where every re-innervated 
motor unit becomes connected with a different fibre from the one which 
supplied it before the lesion. 

It is generally accepted that true normality of function never returns 
after nerve lesions, whatever method is used to repair the nerve (see 
Frazier, 1920; Swan, 1941). Mass action of muscle groups frequently 
returns, but rarely. complete individuation of movement of the various 
muscles within a single group innervated by the same nerve. Attempts 
to move a muscle are accontpanied by correlated tics in’ other muscles. 
This is especially noticeable after repair of the facial nerve, and is thought 
to be due to the presence of branched axons in the regenerated nerve, 
different branches of the same axon mnervating muscle fibres in different 
muscles. Contraction of one set of fibres thus causes contraction of the 
other by means of an axon reflex (Howe, Tower and Duel, 1937; Watrous, 
1940). However, the results of nerve repair in the extremities are not 
regarded as poor on account of the absence of the finer movements. In 
the ulnar nerve, for'example, the re-establishment of mass action in the 
ulnar intrinsics is quite sufficient to give the patient a useful hand from 
the economic point of view. 

However, the results of nerve crossing are marred by a further cause 
than mass movement. This is the occurrence of associated* movements 
between the new muscles innervated by the crossed nerve, and the synergics 
of those it supplied prior to the operation, and, as a consequence of these 
- associated movements, the appearance of inco-ordinated movements of 
the part so innervated in relation to other structures. After nerve crossing 
the end-organs are supplied by foreign axons, and the problem thus resolves 
itself into the extent to which the central connections of the cells supplying 
these axons can take over the function of those cells that innervated the 
end-organs before the lesion. 

The experimental and clinical evidence of nerve crossing is thus of 
interest in deciding whether dissociation of the associated movements 
appearing after nerve crossing can ever occur, and if so, where the “ re- 
learning” takes place, as well as what nerve crosses are followed by the 
least associated movement. 


Experimental Evidence. 


Rawa (1885) following the experiments of Flourens (1842) on .birds, 
performed nerve crossing in the nerves of the fore and hind limbs of dogs; 
cats, and pigs. All the different crosses were followed by the recovery of 


‘ 
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voluntary power in the re-innervated muscles. Similar observations were 
made by Stefani (1886), Howell and Huber (1892), Cunningham (1898), 
Forsthann (1900), Kennedy (1901), Bethe (1903), Ballance, Colledge and 
Bailey (1926), Aird and Naffziger (1939). Successful crosses included: 
hypoglossal to vagus, ulnar to median, median to ulnar, musculospiral 
to ulnar-median, median-ulnar to musculospiral, internal to external pop- 
liteal, and external to internal popliteal nerves. 


Langley and Anderson (1904) made an extensive investigation of nerve 
crossing in order to discover what types of union between-different nerves 
were likely to be followed by functional recovery (in their cases the test 
of “recovery ” was the reappearance of electrical excitability in the para- 
lysed muscles to stimulation via the nerve). They found that from this 
point of view the types of fibres in peripheral nerves could be divided 
into three main classes :. (a) Efferent fibres proceeding from the spinal cord, 
which included both the motor fibres of skeletal muscle, and pre-ganglionic 
sympathetic fibres; (b) post-ganglionic sympathetic fibres; (c) afferent fibres. 
Nerves containing a preponderance of fibres of class (a) gave a return of 
excitability when crossed to a peripheral stump supplying skeletal muscle. 
Nerves with a'preponderance of fibres of either classes (b) or (c) did-not. 
It was thus established that, apart from anatomical considerations, a con- 
siderable choice of nerves existed for crossing to any particular nerve. As 
long as the crossed nerve contained a preponderance of fibres of the same 
class (in Langley and Anderson’s sense) as the nerve to which it was 
crossed, a recovery, at least of electrical excitability, would occur. How- 
ever, there is evidence indicating that this distinction ‘of fibre-types is not 
absolute. The experiments of Weiss (1935) show that afferent (class c) 
fibres growing into skeletal muscle may in some cases form “endings ” 
which are excitable and cause muscle contraction when the nerve trunk 
is stimulated electrically. 

The question whether eventudl dissociation of the associated move- 
ments present after nerve crossing occurs has always been a controversial 
one from the experimental point of view. Rawa (1885) and Howell and 
Huber (1892) claimed that complete dissociation took place, as did the 
majority of workers at that time. Cunningham (1898) severely criticized 
the results of previous workers on the grounds that associated movements 
would be difficult to see in their cases, even if they occurred. He wrote: 
“ Judging, therefore, from the results of Howell and Huber, it would 
appear that such nerves as the ulnar and median, which innervate in the 
dog synergic groups of muscles, are not the ones to choose for crossing 
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when it is desired to investigate the return of voluntary co-ordinated 
movements in muscles innervated by crossed nerves. The suture of two 
nerves supplying antagonistic groups of muscles will yield results that can 
be more accurately interpreted.” On this basis he made reciprocal crosses 
between ulnar and median, and musculospiral and median and ulnar nerves 
in several dogs. He concluded that dissociation of movement’ does not 
occur when the muscles supplied by the crossed nerves are antagonists, 
but, when separately they produce similar movements of an articulation, 
it is difficult to find differences between the recovered and the normal 
movements. 


However, despite these experiments, it is widely accepted that nerve 
crossing in animals is followed by functional recoveries in which an initial 
association of movement is later superseded by normal, co-ordinated, move- 
ments of the muscles groups involved. In fact, a number of experiments 
have been made to discovery whereabouts in the nervous system the 
readjustment takes place. Kennedy (1901) performed nerve crossing in 
the sciatic of a dog by suturing the nerve after rotating the peripheral 
stump through an angle of 180°; he found normal co-ordinated movements 
of the recovered limb. Later (1913-14) he performed two distinct sets of 
nerve crossings in the fore-limbs of dogs. In the first he sutured the cut . 
central stump of the musculospiral nerve (supplying extensors) to the peri- 
pheral stumps of the musculocutaneous, median, ulnar and musculospiral 
nerves (supplying both flexors and extensors); in the second the central 
stumps of the musculocutaneous, median and ulnar nerves (supplying 
flexors) to the four peripheral stumps as above. After both types of cross 
there was a return of normal gait. On stimulating the centralateral motor 
cortex. Kennedy found “the centre at which stimulation normally pro- 
duces contraction in the muscles of the eliminated nerve supply was inex- 
citable, and in the other centre (either the normal flexion or the normal 
extension centre according to the type of the experiment) both flexion 
and extension were evoked, and at no point in the centre could separation 
of these movements be obtained.” Since dissociation of movements was - 
believed to have occurred, and this experiment demonstrated that the 
central connections of the foreign fibres innervating the recovered muscles 
remained unchanged, Kennedy concluded that the normal gait in the 
hetero-innervated limb was due to a “ relearning” process. Osborne and 
Kilvington (1911a) obtained similar results. After crossing the left middle 
cord of the brachial plexus of.a dog with its opposite number of the right 
side, they found “ stimulation of the right motor cortical area gave move- » 
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ments of both forelimbs—namely (a) extension of the paw and flexion 
of the elbow to the left (contralateral) forelimb (b) contraction of the triceps 
and feeble contraction of the paw extensors in the right (ipsilateral) fore- 
limb. Stimulation of the left motor cortical area gave no movements of the 
ipsilateral fore-limb, but elicited various movements of the contralateral 
forelimb.” Later (1911b) they crossed the popliteals reciprocally in dogs, 
and found that when the normal gait had returned transection of the 
spinal cord in the cervical region did not produce a return of associated 
movements. They concluded that the “ relearning ” process probably took 
place in the spinal cord. 

A further investigation was made by Barron (1934) in the rat. He 
crossed the median and ulnar nerves to the femoral, the posterior tibial 
to the median and ulnar, and the median and ulnar to the posterior tibial 
nerve in a number of experiments. In four cases out of the eighteen in 
which “ natural” movements returned he found complete dissociation of 


movement, In six partial dissociation and in the remaining eight no dis- 


sociation. Section of. dorsal roots in the region of the crossed central 
stumps in completely dissociated cases had the effect of bringing back 
associated movements. Barron thus regarded the “ relearning ” as related 
to the sensory input to the cord, and attempted to show a correlation 
between the “ amount ” of dissociation and the amount of sensory innerva- 
tion of the re-innervated muscles. 

Anochin and Iwanow (1936a) crossed the femoral and obturator nerves 
in dogs and found complete dissociation of movement in eight to ten 
months. When the motor cortex was extirpated at the same time as the 
original operation, the onset of dissociation of movement was delayed. 
In crosses made between the central stump of the vagus and the brachial 
plexus (1936b) an associated movement characterized by coughing and 
vomiting’ when the skin of the fore-limb was stimulated appeared in the 
early stages of recovery; later the movements became dissociated. 

Recently some doubt has been cast on the occurrence of complete 
dissociation of movements after nerve crossing between spinal nerves’ in 
animals by the experiments of Sperry (1941) and.Watrous. and Olmsted 
(1941). Sperry (1941) made a set of very carefully controlled observations 
in the rat. He made reciprocal crosses of the nerve branches supplying 
soleus and extensor digitorum longus, all the other muscles in the 
shank being excised. A totally reversed movement of the foot appeared 
at recovery, and no dissociation was apparent even after eight months 
of re-education. Subsequent reciprocal transposition of the two muscles 
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involved was followed by normal co-ordinated movements in the affected 
limb. After reciprocal crosses between tibial and peroneal nerves the foot 
was moved abnormally, but there was no reversed movement. However, 
a resumption of normal gait did not occur up to eighteen months after 
operation. 

Watrous and Olmsted (1941) studied the hind-limb reflexes after 
reciprocal tibial-peroneal nerve crosses in the dog and the cat. After 
recovery the animals were decerebrated and the hind limbs denervated 
except for the two nerves concerned in the cross, and the corresponding 
nerves in a control seriés which had been cut and sutured end-to-end at 
the original operation; the gastrocnemius ‘and tibialis anticus were 
connected to isotonic levers in each case. A considerable degree of inco- 
ordination was found after both nerve crossing and end-to-end suture, 
both flexor and extensor muscles contracting in response to reflex stimula- 
tion (crossed. extension reflex) of a contralateral sensory nerve. On ipsi- 
lateral stimulation (flexion reflex) there was very little extensor activity 
after end-to-end suture. After nerve crossing, however, ipsilateral stimula- 
tion produced an extension reflex, although there was also present a small 
“ residual ” contraction in the flexors. With the passage of time there was 
in the cat “ some reduction of the extensor contraction, and some increase 
of the flexor contraction.. The dog, on the other-hand, seems to show 
a rapid remodulation of the new flexor centre, although the gastrocnemius 
continues to contract when it should be learning to relax.” They concluded 
that after nerve crossing there had been “an abortive attempt by the 
central nervous system to reorganize the neuropil.” : 

Watrous and Olmsted make strong criticism of the methods used by 
earlier workers in estimating recovery. They consider most of the earlier 
work to be invalidated by three factors: (a) the restricted peripheral dis- 
tribution of the nerves involved in the cross; (b) failure to make isolated 
muscle studies under “ natural” (ie. reflex or voluntary) stimuli; (c) the 
possible occurrence of trick movement. For example Osborne and 
Kilvington (op. cit.) claimed a full return of normal reflex activity after 
nerve crossing, but the limb was inadequately denervated to demonstrate 
the isolated activity of the muscle groups involved in the re-innervation. 
In addition Sperry (1941) noted. that in the dog, cat, pig and rabbit, in 
which many of the earlier observations of the resumption of normal gait 
following nerve crossing were made, the attachment of the shank muscula- 
ture are such that extension of the knee (a movement unaffected by tibial- 
peroneal nerve crossing) can produce extension of the ankle quite 
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mechanically, which might easily have been mistaken for normal 
co-ordination. . 

Such criticisms throw doubt on the value of much of the earlier work 
on nérve crossing, and the matter cannot be considered as in any way 
settled. A further complication is introduced by the fact that the whole 
concept of “ re-education ” is a very loose one. As Weiss (1941) has pointed 
out: “behaviour results from the activity of a hierarchy of functional 
levels, all of which may or may not be adaptable. Plasticity at any one 
level neither implies nor precludes plasticity on any other level; the only 
means to test their capacities is by way of experiments.” Indeed the experi- 
ments of Weiss and his collaborators indicate that while behaviour of 
the animal as a whole exhibits a certain degree of modifiability throughout 
the animal kingdom, the primary motor patterns of limb movement, in 
the Amphibia at least (Weiss, 1941a), are rigid. and unmodifiable. It 
appears probable from the work of Sperry (1941) that even in mammals 
(rat) the basic motor patterns are relatively unmodifiable. The use of such 
terms as “ relearning” to indicate the reassumption of a normal pattern 
of limb movement after nerve crossing thus lacks precision. To quote 
Weiss (1941a): “it is not surprising to find the changes observed after 
tendon transposition, muscle transplantation, nerve crossing, sectioning 
of central tracts, destruction of brain portions, and similar interference, 


all lumped together indiscriminately under the common headings of re- 
education, regulation, functional restoration, reconstitution, reparation, 
reorganization, readjustment, and the like. If in the future more discretion 
will be exercised in the use of these terms, and if the mere statement that 
a behavioural change has occurred will be amplified by precise information 
as to what this change has consisted of and where it has taken place, the 


” 


gain for our understanding of nervous function will be enormous. . . 


Clinical Evidence. 


The clinical evidence of nerve crossing rests primarily upon cases in 
which the operation has been used to repair defects in the facial nerve. 
The situation with regard to this aspect of the operation has been reviewed 
by Sherren (1906), Stookey (1922), Maliance (1924) and Ballance and Duel 
(19325). 

The following nerves have been crossed to the sili stump . of 
the severed facial nerve in man: the spinal accessory (partial or total 
crossing), the motor branch of the spinal accessory to the trapezius and 
sternomastoid muscles, and hypoglossal (partial or total), the descendens 





. 
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noni branch of the hypoglossal, the descendens noni together with the 
communicans noni branches. In all these cases the partial nerve crossings 
were always less successful than thé total. With regard to the spinal 
accessory crossing the operation was followed by considerable deformity 
of the shoulder, owing to atrophy in the denervated trapezius and 
sternomastoideus. An attempt was made to correct this by crossing the 
descendens noni branch of the hypoglossal nerve to the peripheral stump 
of the spinal accessory in addition to the spinal accessory-facial cross. 
This somewhat lessened the deformity occasioned by the original cross, 
but these cases still suffered from the disadvantage of all spinal accessory- 
facial crosses—the presence of associated movements between the shoulder 
and the muscles of the face. Patients could be taught to overcome this 
disability to a certain extent, but dissociation was rarely complete (Ballance 
and Duel, 19325). 


Crosses of the hypoglossal nerve were not accompanied by any visible 
associated movements. If present they would be tongue movements—but 
were followed by atrophy and paralysis of the ipsilateral side of the tongue. 
This was not regarded as any great disability (see Ballance, 1924), but 
attempts have been made to alleviate it by combining a second cross with 
the original hypoglossal cross; crossing to the hypoglossal peripheral stump 
of either the descendens noni branch or a flap cut from the spinal acces- 
sory. Both of these procedures are stated to have been followed by good 
results. 


Finally, either the descendens noni branch alone, or the combined 
descendens and comunicans noni branches of the hypoglossal nerve have 
been crossed to the divided facial. Secondary attempts to repair the func- 
tion of these destroyed nerves have included partial crossing of the peri- 
pheral stump of the descendens noni: to either the hypoglossal or the 
phrenic nerve. 


All the above crosses resulted in mass movements of the facial muscula-- 
ture, with usually associated movements, and impairment of function in 
other parts. 


A number of cases of nerve crossing in peripheral nerves.apart from 
the facial have beet considered by Sherren (1906). All except one were 
partial nerve crosses. Only twelve were observed long enough to make 
a definite statement. Two recovered electrical excitability, four “im- 
proved,” one probably recovered, two were failures, and the records were 
insufficient for the rest. Thus partial nerve crossing has a poor prognosis 
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as regards recovery, quite apart from the a of damage to the nerve 
. providing the central stump. 

However, following the demonstration by Ballance and Duel (19325) 
of the good results achieved by nerve grafting in the facial canal—nerve 
grafting is followed by mass movements of the facial musculature (see 
Howe, Tower and Duel, 1937) but not by associated movements—nerve 
crossing as a method of repair of the facial nerve in the temporal canal 
has become largely outmoded. In other situations it has a limited applica- 
tion, but is rarely used for anatomical reasons (see Stookey, 1922). 

It is frequently claimed that in man the possibilities of “ re-education ~ 
are very great, and that dissociation of the associated movements following 
nerve crossing may be achieved by training. As an example of this capacity 
the spectacular results of tendon transplantation are cited. However, the 
transplantation of a muscle, with its motor and proprioceptor innervation 
intact present a different problem from the point of view of “ re-education ” 
than the hetero-innervated muscles of a nerve crossing, in which the motor 
units are connected with foreign nerve fibres, and where the re-establish- 
ment of proprioceptor innervation is not certain. Indeed it is probable 
that the two processes should not be described by the same term. In 
Weiss’s (1941a) hierarchy of functional levels, re-integration of the func- 
tion of a transposed muscle must take place at the level of the muscle 
group, at which level movements of a single joint are brought about. 
In the case of nerve crossing, readjustment must take place-also at a 
lower level, thag of the muscle, at. which integration of the individual 
motor units of a given muscle occurs. The orderly contraction of a 
whole muscle being the result of the collective. action of ‘its eo 
dividual motor units, and the characteristics, as well as the grading, o 
the resulting contraction being dependent upon factors such as the pro- 
portion of active to inactive units, their rate of alternation, the time relations 
of their activation, and the frequencies of their discharges, the complex 
of factors appropriate to one muscle may not also serve for another, and 
disorderly, as well as associated; contractions occur in muscles supplied 
by crossed nerves. The muscles supplied by a crossed nerve must therefore, 
to adopt the terms used above, undergo readjustment as well as reintegra- 
tion, and it is not known to what extent either of these processes occurs, 
or to what measure they are complementary. While there is no doubt 
that the nervous system of man shows immense plasticity, there is no 
doubt that the results of nerve crossing show both mass and associated 
movements, while mass movements also follow normal regeneration (see 
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Ballance and Duel, 1932b; Howe, Tower and Duél, 1937; Ford and Wood- 
hall, 1938), often with the most grotesque manifestations, e.g. “ crocodile” 
tears when eating after regeneration of fibres supplying the salivary glands. 
While some degree of modification of these reactions as a result, of training 
is no doubt possible, further analysis of the degree of association and 
dissociation of movement following nerve crossing is necessary, both to find 
out at what level of functional organization, and whereabouts in the neuro- 
muscular system, they take place, and to ensure, consequently, what is the 
best nerve to use for crossing in any particular instance. 


CONCLUSION. 


Manipulative operations have been,. and are likely to remain, the 
methods for the repair of gaps in the peripheral nerves most widely used. 
There is no evidence that such methods as mobilization and transposition 
have an adverse effect upon the ultimate quality of recovery. Severe degrees 
of nerve stretching, however, may cause damage, but the limiting amount 
of stretch that may be applied to a regenerating nerve without causing 
damage is not known. There are indications that a stretch of about 10 
- per cent. of the mobilized length of the nerve may be applied without 
damage, but that a total stretch of as much as 30 per cent., may be applied 
during two-stage operations, may be harmful. In gaps so extensive as to 
require this amount of stretch to close them, some sort of bridging is 
probably a preferable operation. 


In addition, there are certain well-defined situations, where manipula- 
tive procedures are relatively ineffective, and here bridge operations are 
the operation of choice. These situations are: 

(a) In the repair of the digital nerves (see-Bunnell and Boyes, 1939). 

(b) In lesions of the brachial plexus, particularly injuries to CS and 
C6, where extensive mobilization is difficult. Moreover, the difficulty of 
end-to-end suture in partial lesions of the cords of the plexus makes an 
inlay graft worthy of trial in this situation, particularly owing to the ease 
with which such a graft can be fixed in position with the plasma “ glue ” 
introduced by Young and Medawar-: (1940) (see Seddon and Medawar, 
1942). 

(c) In lesions of the peroneal nerve, particularly, in repairing the very 
extensive gaps left after resection in traction lesions. 

(d) In the repair of the facial nerve in the temporal canal (Ballance 
and Duel, 19325). 
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Among bridge operations the most: successful are nerve grafts. Nerve 
flaps, suture 4 distance, tubulization should be discarded on the experi- 
mental and clinical evidence. Double lateral implantation is insufficiently 
documented’ to warrant any conclusion as to its value on the present 
evidence, and its performance is attended by considerable risk to the host 


nerve. 

On the present evidence autografts are the most successful type of 
graft. They survive, undergo Wallerian degeneration, and can conduct 
new fibres to the peripheral stump. Although fibres grow slightly more 
slowly through an autograft than through a normal peripheral stump, 
the difference (between 35 and 2 mm/day in the rabbit) is not sufficient 
to cause any great delay in the recovery of autografts as compared with 
end-to-end sutures. The rate of outgrowth is not increased by the use of 
predegenerated, as opposed to fresh nerve, as a graft. . Moreover, grafts 
with preserved vascularization, consisting of a pedicle taken from a neigh- 
bouring nerve, are very rapidly innervated, but the method is not to be 
recommended for surgical use, on account of damage to the neighbouring 
nerve. Fresh, free autografts are the best except in certain situations 
(temporal canal) where predegeneration gives a graft of firmer consistency 
which is more easy to handle. 

To allow outgrowth of all its fibres, a graft must exceed, or at least 
equal, the diameter of its host nerve. Thus in autografts of the thick 
nerves of man cable grafts become a necessity. These grafts have never 
been compared experimentally with full thickness grafts, but it is signifi- 
cant that the clinical cases showing recovery in autografts are those where 
either cable grafts, or thin grafts in thin nerves, haye been used. There 
is evidence alleging to indicate that necrotic zones occur in thick autografts. 
Thus, besides being a surgical necessity, cable grafts may possess. an 
advantage in enabling rapid vascularization of the whole graft to take place. 
The chief difficulty of cables is their preparation and insertion, and it is 
probable that many of the alleged failures of autografts in the literature 
have been due to faulty technique. In this instance, both the method of 
Elsberg (1919), and the plasma “glue” already referred to may be of 
considerable use. . 

Compared with the results of end-to-end suture, the introduction of 
an extra point of junction, where ravelling of fibres can occur, must be a 
point militating against the success of autografts. Too much emphasis 
must not be placed upon this point until it is known how far the superfluity 
of fibres produced during regeneration allows for loss of fibres by deviation. 


- 
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However, some authors (Lewis, 1923; Davis and Cleveland, 1934) have 
postulated a connective tissue invasion of thé lower junction of, long grafts 
while fibres are still in the upper part of the graft, which causes consider- 
able loss of fibres by deviation upon their arrival at the lower junction. 
This has been made the basis for a practice of resection and resuture of 
the lower junction in long grafts after the arrival of fibres, and it is claimed 
that this gives a junction with fewer deviated and whorled fibres, and thus 
a better recovery. However, it has been shown (Sanders and Young, 1942) _ 
that the lower junction, even in long grafts, is made by the Schwann cells 
before the arrival of fibres, and there is no reason to suppose that connective 
tissue invasion interferes seriously with these pathways. Resuture of the 
lower junctions of autografts does not appear theoretically to be necessary. 

Compared with autografts, the value of homografts is less certain. 
Experimentally they have been shown to unite with the host nerve, de- 
generate, become re-innervated, and to be followed by a recovery only a 
little inferior to that obtained with autografts. Clinically, their record is 
not sufficiently complete to warrant any definite conclusions. Alcohol- 
-fixed grafts, and all other forms of'dead nerve grafts, are definitely contra- 
indicated by both the experimental and the clinical evidence. 
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Notices or REcENT PuBLICATIONS 


Neural Mechanisms in Poliomyelitis. By H. A. Howe and D. Bopian. 
Commonwealth Fund, New York, 1942. Pp. 234. Price 20s. 


No recent contributions to the many-sided problems of neuropathology have 
been more distinguished or fruitful than those of American workers on the xtiology 
and pathology of poliomyelitis, and the present volume is a noteworthy member 
of the series. It embodies the result of the labours of many workers in all countries, 
and contains the record of critical experiments by the authors which have clarified 
many points hitherto obscure, and have made new and important steps in our 
knowledge. 

It is difficult to keep pace with the rapid advance of knowledge and opinion on 
this subject, for new hypotheses are not long formulated before fresh facts lead 
to their abandonment or modification. The view that poliomyelitis is a systematic 
infection that may or may not be followed by the invasion of the nervous system 
by the virus, gave place to the view that it is a primary infection of the nervous 
system, the virus gaining access to this system through the olfactory filaments and 
spreading therein by certain specified paths to the nerve cells. Howe and Bodian 
report the newer evidence that has led to the belief that the olfactory is only an 
excepfional portal of entry, and that the nasopharynx in the bulbar form of the 
disease, and the gastrointestinal tract in the common spinal form, provide the 
natural portals of entry in the human subject. 

That the virus reached the nervous system by neural channels and spread therein 
by the same path has been accepted since Hurst’s observations, but the present 
authors have shown that this neural passage actually takes place in the axoplasm. 
They suggest that passage only ‘takes place in the axone, but that multiplication 
of the virus and the essential virus-nerve cell reaction that constitutes the disease 
take place only in the cell body. 

Not only is the virus neurotropic, but it is neuronotropic, reacting with the 
nerve cells alone. The mesodermal-glial reaction characteristic of the lesions of 
poliomyelitis is a sequel to this virus-nerve cell reaction and does not take place 
in its absence. Further, the virus has an affinity for certain nerve cells only and 
not for all, and the reaction to the presence of virus is to be found, as far as the 
cerebral cortex is concerned, only in Areas 4 and 6. Elsewhere it occurs in the 
thalamus, gray matter of the basal ganglia and brainstem and in the ventral horn 
cells of the cord. In the postcentral cortex it is pot seen, nor in the gray matter 
of the visual pathway or cortex. 

Observation reveals a pattern of virus spread that is similar in apes and man, 
though better traced in the former since the experimental animal can be destroyed 
at all stages of the invasion and the path of the virus more completely traced. It 
seems to favour short rather than long neurones for its passage, the concentration 
of virus being built up in the cell bodies that occur on these short paths. 

An encephalitis is a constant feature of the virus reaction in the nervous system 
and is seen, with or without the presence of lesions in the spinal cord, in non- 
paralysed (“abortive”) experimental animals as in paralysed ones. 
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In inoculated apes, as in human cases, it is the rule to find the virus in the 
feces, sometimes for months after recovery from the acute disease, and in the former 
it has been isolated from the nasopharyngeal mucosa and’ from that of the gut. 
Whether it is able to proliferate outside the nervous system or not has not been 
demonstrated, nor how the virus gains access to the gut. There is evidence that 
it can reach the spinal cord by way of nerves innervating the gut. 

* Not only has the virus been isolated from faces, both of sufferers and of healthy 
contacts, but it has also been found i in the sewage coming from an infected focus 
and in the bodies of flies. 

Many.more points are brought out by the authors, and many critical and 
ingenious experiments described by means of which they have confirmed previous 
surmises and made new observations are described. 

Many problems remain to be solved, but the intensive study now devoted to 
this subject is bringing rich rewards, and it is not unreasonable to hope that pre- 
ventive medicine may at no distant date be armed with better weapons for the control 
of poliomyelitis than it now possesses. 


The Postnatal Development of the Human Cerebral Cortex. By J. LeRoy 
Cone., Vol. II. The Cortex of the one-month Infant. Harvard 
University Press, Cambridge, Mass. (London, Oxford Univ. Press.) 
1941. Pp. 144 with 108 plates. -Price 8 dollars. 


The author is to be congratulated on the appearance of the second volume 
of his studies on the development of the human cortex. The first volume dealt 
with the new-born infant and the present one carries the study a stage further. 
In these days of war-time printing and paper, the print, paper and the beautifully 
produced plates of the cortex provide the reader with an artistic satisfaction he 
now too rarely experiences when he opens a new book. In his classic study of the 
human cortex, Economo regretted the absence of any histological records of the 
cytoarchitectonics of the cortex in infancy and the early periods of life, his own 
investigations having been carried out on the brains of subjects i in the fourth decade 
of life. Professor Conel is admirably filling this gap in our knowledge. In brief, 
he finds that the most obvious macroscopic difference between the brain of the 
newborn and that of the infant of one month is that of consistency, the newborn 
brain being much softer and more gelatinous than it remains a month later. The 
general architectonics of the infant brain are the same as in the adult brain, and 
all the characteristics of the allocortex and the isocortex described by Economo and 
Koskinas ate visible. Using the condition of the chromophil substance as a criterion 
of development, the giant cells of the ascending frontal convolution are the most 
advanced, and a few definitely formed Nissl granules are found in them, and neuro- 
fibrils are seen only in them at this stage. The layer of the cortex in which these 
cells occur is also found to have increased in depth more than any other layer. 
On the receptive side, the postcentral cortex shows greater development than the 
visual cortex or the acoustic or hippocampal areas. Short association fibres can be 
traced between adjacent gyri in all parts of the cortex, but they show varying 
degrees of development. fn connection with these observations, the author notes 
that cortical action potentials begin to appear in the infant brain at the age of 
one month, and first of all in the region of the central gyrus. The plates illustrate 
the principal cortical fields as revealed by the staining methods of Nissl, Cajal and 
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Golgi-Cox, and included with each group of microphotographs is a drawing repre- 
senting the main cellular characters as revealed by the Golgi method. 

This work will take its place with the classic studies of Campbell, Brodmann 
and Economo. Author and publishers have combined to produce a valuable and 


a beautiful book. 


Neuroanatomy. ‘By F. A. Mert er. Henry Kimpton, London, 1942. 
Pp. 476, 277 figures. Price 37s. 6d. 


Functional Neuroanatomy. By W. J. A. Krieg. Blakiston Company, 
Philadelphia, 1942. Pp. 552, 274 figures. 


These two additions to current textbooks of the anatomy of the central nervous 
system exemplify two methods of approach to the subject, the old and the new. 
The new method, seen in Krieg’s “ Functional Neuroanatomy,” arranges its matter 
on a physiological basis and discusses in some detail the supposed functions of the 
structures under consideration. The new method has certain advantages. It helps 
the student to correlate his anatomy and physiology and adds interest to the purely 
descriptive matter. Yet it is not without considerable dangers. Neurophysiology 
is a rapidly advancing subject. Some of its expositions are highly speculative and 
tend to run ahead of that assured basis of structure without which no lasting notions 
of function can be formulated. Head’s theory of the constitution of the sensory 
nervous system is a case in point, and probably much recent physiological opinion 
on the functions of the cortical regions anterior to the fissure of Rolando will ulti- 
mately join this theory in the realms of discarded hypothesis. It may be questioned 
whether matter of this order has any proper place in a textbook of the anatomy 
of the brain, which should concern itself primarily with what is established and 
anatomical. For example, we must first have a sound anatomy of the origin of 
the pyramidal tract before we can safely proceed to apportion separate functions 
to areas 4 and 6 of the frontal cortex. Yet anatomists have been content to cherish 
the vaguest and most imprecise notions on this subject. They have assumed, with 
the physiologists, that the giant cells of Betz are the sole origin of pyramidal fibres 
and that these cells constitute a distinct physiological category. Yet they have 
never given a scientific definition of a giant cell, and every anatomist has had his 
own standard as to what constitutes one of these cells, standards as numerous as 
there have been writers thereupon. It is over thirty years ago since Horsley pointed 
out this hiatus in our knowledge and the errors of physiological thought resulting 
from it. Therefore until the anatomist has filled this gap in our knowledge it is 
surely prudent that he should keep clear of physiological speculations on the 
“ premotor” cortex that can have little value until he has done so. 


Perhaps even more unfortunate is Krieg’s attempt to weave Head’s theory into 
his description of the sensory pathways ‘in the central nervous system. He has 
classified these pathways into “ protective” and “ discriminative,” including in the 
former the pathways subserving tactile sensibility: a profound departure from 
Head’s views. He has also pictured epicritic and protopathic neurones in the brain- 
stem, regardless of the fact that Head taught that once the peripheral sensory 
neurorfe was passed on the upward passage of sensory impulses, protopathic and 
epicritic impulses travelled in common paths. In short, while purporting to adopt 
Head's theory and using his nomenclature, he has propounded a theory differing 
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widely from it. How much more valuable would this account have been had it 
dealt only with anatomy. ., 

There can be little doubt, therefore, as to which of these textbooks the neurv- 
logist will prefer. Mettler provides a most admirable account of the gross and 
microscopi¢ anatomy of the brain and cord, abundantly and most beautifully illus- 
trated, and his book will probably become a standard work on its subject. Particu- 
larly valuable are the chapters dealing with the thalamus in which all recent 
research is embodied. Krieg’s book is attractively written and has a series of highly’ 
original illustrations, and it will be of value and interest to those able to read it 
critically. 


Orbital Tumours : Results Following the Transcranial Operative Attack. 
By W. E. Danny. London: H. K. Lewis. 1941.° Pp. 168. Price 25s. 


A clear exposition of the transcranial approach to intraorbital tumours is given 
in this well illustrated monograph. 

A series of interesting case records is included, demonstrating the high incidence 
of involvement of the intracranial cavity in growths of the orbit and its bony 
surroundings, this being adduced as strong evidence in favour of this mode of 
approach. It must be remembered, however, that the series of cases is highly 
selected and that figures obtained from other sources would be unlikely to show 
an incidence of intracranial involvement of 80 per cent. Whilst agreeing with 
the author as to the excellence of this method of exposure, it should be mentioned 
that the lateral method of approach of Kronlein, with one or other of its many 
modifications, is still to be preferred for purely orbital tumours lying in the lateral 
half of the orbit. 


The Neuroses in War. Edited by Emanvet Mitter. London: Macmillan. 
1940. Pp. 250. Price 10s. 6d. 


To rely on the experience of the last war, as have the contributors to this 
volume, can be as hazardous im medicine as in other fields. There have been no 
great advances in the methods of treating neurosis during the last twenty-five years, 
it is true, but the applicability and limitations of the available methods are better 
appreciated. At the end of the last war abreaction by “ hypno-gnalysis,” and kindred 
psychotherapeutic procedures, were thought by many to be curative, as may be 
read in Chapters VII and VIII of this work. But if the standard of “cure” had 
been the soldier’s capacity to return to full duty, a less satisfactory conclusion would 
have been reached. It is scarcely possible nowadays for’ enthusiasts to believe, 
as they used, that any neurosis can be corrected if the right sort of psychotherapy 

_is employed for long enough; yet some of that balmy air blows through the book. 
Case histories, such as the impressive one on page 75, would lead the inexperienced 
reader to expect far more from psychiatrists than even the best of them can perform. 
The book is pleasantly written, well arranged and, allowing for the old- ee 
flavour of many of its excursions into psychotherapy and psychopathology, i 
formative. Unfortunately the authors have not dealt with the problems of sits 
deficiency (so often complicated by neurosis), the clinical uses of psychological 
testing, nor the practical issues of vocational adjustment. There is a useful and 
concise survey of the literature of neuroses in the last war. 
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